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ABSTHACT 

Methods for octilalie loslistioa rate contours, fractionation 
carters, etoc-concentratloa Intcaslt;.- ratios, ar.i particle site distribution 
fror the SlLLer ffelLout sodeL are glraa. Included are conplete eogp u ter 
rroerars for estlratlng s’ibllratloo pressures, lonltatlon rate contours, 
end particle rite paraasters. 

Graphical lntetr®'bloa of cctlvit/ froa fallout ever the vatersheds 
serving So-ustoa, Texas and ITev ’fork Clt>' is iescrllec, linxlnu-ii levels of 
seLecte-5 conta-lnants at the vater Intake for these cities under nost adverse 
vlnd conditions vere calculated end reported In uc/nl as follous: New York 
City; ar-c9, 6-3 x lO'^j Sr-90, 5.9 x lO*^; R'u-106, 7J. x 10‘**; 1-131, 

7.6 X 10*-; Cs.137, X 10“^; =a-l!^, 5.3 x 10*®. Houston; Sr.89, 1.9 * 10*^; 
Sr-90, 1.9 X 10*^; R-u-lOe, 2-5 x 10*^ 1-131, 2-5 x 10*^; Cs-UT, 1.0 x 10*“^; 

Bs-lk*, 1.9 X 10*^. 

It Is concluded that the contribution of Induced radioactivity 
to the ccntanlnatioa of vater supplies vould not be significant. 

Many cocnercielly available lnstr~er.t3 of the survey type can 
be used to detect adequately the presence of s'uhstentlel concentrations 
of radioisotopes In vater under emergency conditions. For nore accurate 
eeasurereat of such concentrations do.-n to safe levels nore sensitive 
equlpneat or nethods of preconcentration of the sanples are needed. Such 
netfcods or Instrtcects should extend the range of sensitivity by a factor 
of the order of ICX) end should be readily adaptable for field use. Outlines 
of proceduivs for the tnal;/sls of radioactivity In vater are given. Efficiency 
of vater decont^nlnatIon by rarlous nethods Is discussed. 

rodj' burdens of Indivldu-l radioisotopes n?y be deterrlr.ed from 
a consideration of the rate of Incostlon, the effective decay rate, and the 







&fftally for the Isotope of the critical organ, rt Is helleraJ that 
uptake of radioactive Isotopes may he reduced or prevented by selective 
tlocklng of critical organs with stable Isotopes. 
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r. nTTPODucnoB 


The purpose of this etudy vas to evaluate ord s-muLarlje avallntle 
Information on the prohlcm of water contaninatlon hy radioactive fallout 
la the event of nuclear war. Consideration has teen given to t)ic current 
theories of the formation and distribution of fallout and the level of 
fallout that mlgiit result from a possible nuclear attack. 

(l ^) 

Of the various attack models that have beer, rcce.ntly described' 
the or.e prepared by Technical Operations, Inc. ' hns been selected as 


moat appropriate for the present study. This model appearo to have been 


well thought out end caiefully developed, giving duo conslderaticr. to the 


relative iioporteiice of various military, industrial, govenimental, and 
power resource targets. Biis model assames all detonations to be surface 
bursts, although perhaps a more realistic situation would include many 
air bursts, which would be more effective against an unhardened military 
or Industrial target. As the type of burst has a considerable Influence 
on the fallout produced. It nrost be carefully evaluated In a study of 
water contamination. 

(U) 

A thorough analysis of the fallout model of Miller has been 
ffade. Several Important functions derived from this model have been 
utilized In this study and are discussed In detail In Section. II, "Svjrjnary 
of Analysis of the Fallout Model". 

Information from the Miller model has ulco been uaed in the 
study of possible levels of contamination by selected icotopoa In the water 
supply systems of Houston, Texas and JIcw York City. With spproprluto con- 
Glderntlon to the assumptions made, these results may te applied to the 
watersheds of nunlelpnlltles other than tho.'.c DhV’in here. 







■2 


This study la cooeerncd vlth the effect of Individual nuclear 
hlatts, and does not consider the effects of overlapping fallout patterns. 

The complex prohlea of overlap has been treated by Technical Operations, 

and others, bixt additional studies on this aubiect appear desirable. 
Transport of fnllo*it by surface v-ater has been studied. Evalua¬ 
tion of the effects of vatersbed characteristics on the concentration of 
radioactivity in surface vater would be valuable, 

Pecontamlnatlon procedures, both standard and cKcrgcncy, have 
been described previously.^^^(See Appendix A) These procedures ace evaluated 
according to their efficacies for the removal of various radioisotopes and 
nl?o according to the feasibility of their use after a nuclear attach. 

For purposes of this study, it has been assumed that vaten.'orhs facilities 
have suffered only adnlmal damage, and that perEo.nnel will be available 
for operation. 

A study of published methods of redlocheoical analysis and 
existing Instrumentation has been made. Due to the question of avsllablllty 
of personnel and facilities It appears that this Information vlLl be of nsore 
value in recognizing long-term hazards than In determining potability la 
the Immediate poot-attacK period. 

“nio biological uptake and resultant body burdens in man have been 
oval'oatod in relation to the levels of water contsmlnatlon conoldcred likely. 
Kxlcting deta has been put Into a workable form so vhat the body burden 
of any of the relcctcd biologically Important radioisotopes may be determined 
at any specific time after the initiation of Intake. 

''T5»e InteiTVil radlatloa hazard resulting from nuclear attack It 
of Iriiportur.cc only to those persons who sur.'lve the catastrophe for a 
period of oeveral years. As a primary annihllator. It Is of no consequence. 
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as the external dose eoneoaltant vlth a lethal Internal dose Is more deadly 
ty several orders of aagnltude. In general, radiation from sub-lethal 
concentrations of Internally deposited radionuclides acts slowly, and 
Its results do not beeoce apparent for years. Therefore, the Internal 
radiation hazard Is not among the forces debilitating the pop'ilatlon and 
reducing Its Immediate ability to cope with a radically altered environ¬ 
ment. Rather It has long-term effects which culminate in producing disences 
such as cancer, shortening of the life spaa, and possibly affecting the 
gem plasm of mankind to a small degree. 
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II. SU>«ARI or AflAUrSIS OP TOE O.C.D. FALLOUT MODEL 

A. Basic Aasanptlons of the O.C.D. Vtodel 

During the initial phase of this project, the Postattack Research 
Division, Office of Civil Defense, requested that all studies he based on the 
fallout codel as developid In "Fallout and Radiological Countemeasures"^**^. 

A thorough and quantitative study of the model vas conducted because the 
evaluations of water contamination depend directly on previously established 
Information concerning the distribution and properties of local fallout. The 
results of the detollcd study are now presented In summary form. 

Ihe model was based on both established physico-chemical theories 
and actual test data, brought together by the scaling method. The rationality 
and simplicity of tho basic assumptions pi-ovlde this model with mary advon* 
tages. The basic accumptiono Include: 

(1) TJie model applies generally to a "gro'ind surface" burst, but 
it con be extended to other types of detonations by suitable transformations. 

(2) The required Input data consist of the weapon yield and the 
wind velocity. 

( 3 ) Ihe radioactive decay schemes, chemical properties and rela¬ 
tive abundances of the fission products arc based on the data developed by 
Bolles & Ballou^^\ Kntcoff^®\ and Miller and Loeb^^\ 

(I 4 ) The Increase of the fireball volume with time Is based on 
the adiabatic expansion of on Ideal gas with the thermodynamic equations 
modified to include a term for the change In free energy with altitude and 
with tho external pressure proportional to exp (-ngZ/kt) . 


* For explanation of symbols, see Glossary. 








( 5 ) Tne radlocctlve cloud Ic assa-acd to have the shape of an 
otlat« spheroid; hence the Ionization rate contours or fallout patterns 
under a constant vlnd velocity are gencrnll;/ cigar-sheped. 

( 6 ) All values for the dlatenclons and properties of the flre&all 
and fallout patterns are scaled from test data by the scaling method to te 
a function of veapon yield and vlnd velocity. 

( 7 ) The condensation process of fallout Is divided Into t-o 
time periods: (a) the first period I 3 characterized by the presence of 
gas and liquid phases and cuds when the buUt carrier or substrate material 
Of the particles solidifies, and (b) the second period la characterized 

by the existence of gas and solid phases, temperature of l 673 °K Is 

used to divide these two periods of condensation. The radioactive material 
which condenses in the first period will be fused inside the fallout parti¬ 
cles and gct-’rally becomes Insoluble In water. The material which condenses 
during the second period will be adsorbed on the outside of the fallout 
particle and becomes readily soluble in wotcr. With these basic assump¬ 
tions, the nolcl will yield the Intensity, the activity and atom-conceotra- 
tlon for a specific downwind area end other, related Information. 

B. Porwatloa and Ceoactry of Stew and Cloud 

After a surface burst, the flreboU forms the shape of a sphere, 
and its radii, both horizontal and vertical, expand exponentially with 
altitude as it rises. Clnce the expansion cocfflclcntc are different for 
the two radii, the fireball grows to the fora of an oblate spheroid, with 
a circular tov-vle.r and on clllpticul uldc-vltv, Vhen the fireball reaches 
Its final olsVlllzod height, It Is coror/jnly known as the "cloud”. A stea 
Is shnpod by th.c trajectoxy of n continuously expanding fireball and 
aoouncs the fora of on Inverted exponential horn. 




T 


Ihe Initial spherical radius of the fireball, R , the final 
horizontal seDi-axis, a, the final vertical seai>axi8, b, and the final 
height of the center, h, of the cloud • are related to the weapon yield, 
V, through empirical data as shown in the follo’-'lng scaling runctlons; 


2.09 X 10^ ft. 

y 

« 1 to 10^ KT 

(1) 

2.45 X 10^ ft. 

y 

» 1 to 10^ KT 

(2) 

1.40 X 10^ wO‘300 

y 

- 1 to 10^ KT 

(3) 

0.66 X 10** W^*****^ ft. 

w 

- 1 to 28 KT 

(>^) 

1.68 X 10** ft. 

y 

- 28 to 10^ KT 

(4a) 


At a given altitude, Z, the horlzottal and vertical seml«axl8 
of the fireball can be obtained by 


“Z “ ‘o* 




\ “ V 


V 


(5) 

( 6 ) 


where a , h , k , k. can be solved froo the known Information of a, b, h. 

O O Q B 

The geometry of both stem and clo-jd is shown in Figure !• 

C. Particle Size Parai^ter and Ionization ?.^te Contours 

As mentioned previously under the basic assumptions, the flcsioD 
products ore either fused inside or adsorbed on the outside of the dust 
particles and are Inhaled into the fireball. Tl>e ultimate ionization rate ' 
contours, or fallout patterns, on the growni are related to the size of the 
falling particles. The particle size paraxeber, a, is defined as the ratio 
of wind velocity, V^, to the average falll.'^ velocity of the particle, 
since it Is more concerned with the falling rate than the actual physical 


size of a particle 
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For the stem. It Is assumed that the particles at a given altitude In 

the rising fireball are concentrated ou a horizontal plane through the center 

of the fireball. Therefore, all particles vhlch have ei^ual values of a fall 

out of the stem starting at the same altitude. Any particle starts to fall 

when its instantaneous falling rate, V^, equals the rate of rise of the our- 
d2 

rounding air moss, tt. There Is an empirical relation bctuecn V , V , and 

Gw Zt i 

the fireball altitude Z; 

V^/Vf - P ♦ qZ (7) 

vhere p • 0.95. q ■ 1.02 x 10*^, where Z ■ 5.C00 to 50,000- ft 

with particle diameter d ■ 200 to 1,200 microns 
p - 0.58, q - 1.7** X 10*5, _ 50,000 to 110,000 ft 

with particle diameter d ■ 300 to 1,000 mlcrona 


There Is olsj an empirical approximation for Z: 


•V 

(1 - e ^ 


for t ■ 20 to *»80 seconda (8) 


whore Is a yield dependent multiplier 


-1 


is O.Oll see . 


Thus, 


z-al - 


(9) 


For voluoo of Z 


see Figure 5- 
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Therefore, the particle site parameter, a, for the particle group 
falling froa the altitude Z la 


\ Yjp > q2) 


■ ( 10 ) 


Moreover, it can be detenBlned from geoaetry of the stem that 


■ X * a^ ( ♦ for 


rain* 


for a ) 
max' 


( 11 ) 


Iherefore, and a cay be obtained for the particles falling 

QiAX Bun 

at a distance X froa ground zero. In addition, the rising and falling time 
for particles of a given value of a can be determined from combining Equa« 
tlons (8) and (10), as shown below 


ty (sec) 


i- 


in ( 




)• 


tj (sec) 


O(oa^z^ . v^p) 


( 12 ) 

(13) 


Ihe outer dlmenalonc of the cloud are defined by 



(lU) 


Consequently, and for the dcTi/nwlnd distance X con be 

derived, as eho-vn by the equation 


a 

m 


hX 


t 




>7a2) 


» 2 ^\ f /« 

(q *y)[h **b(I- 




21 


h^ - b^(l - ^ 


/a") 


( 15 ) 


This calculation usually Includes the l6o sec, overage delay time due 
to fireball toroidal circulation, which should be subtracted In order 
to obtain the actual rising time. 
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(vhere the algn Is ♦ for c t^^ « and • for 

Since the cloud Is assumed to be stabilized, all particles with 
the some values of a fall along the sane slope. Hence, the tines of arrival 
and cessation for particles of a given a can be determined from the geoae^ry 
of the cloud 


t^ • a (h + 2 ^) / 


(16) 


- a (h ♦ 2^) / 


(17) 


where z and z are the smallest and largest intercepts of the slope to 

a c 

the outer dimension of the cloud, respectively. 


Q{X • Oh) * ab 7 (1 - v^/b^> - tx • cii)^ 


t • 


(19) 
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(wherr the sign la * for z , a-id - for z ). 

c a 

Assuming that the ionization rate, or fallout IntcriSlty, 

VHrI.eu e.xpoi^entlaily uith do-nvlnd distance, end Its dlstritrrtlon Is closely 
related to ct and W, also conflrr.ed by cr.pl rlcal test data, a complete set 
of scaling focctlons which defines the \'orlatioc of intensity versus da.^n- 
uir.d distance toid the bl-olliptlcal outllr.e of the ionization rate contours 
is tabulated in Chapter 3 of ’'Fallout and Radiological Counteimicaoures"^**^ . 
Those scallfig functions arc not repeated in this report, but a corresponding 
computer program was established, as presented in Figure 5. A typical 
loalzetlon rate contour for a 10MT weapon yield and a 15 mph wind velocity 
is shown in Figure 6. Since the only Inputs are weapon yield and wind 
velocity, tills eomputor program Is relatively simple to understand and 
to use by others to obtain the Inforcatlon on Ionization rate contoxU'S, 

It should be pointed out that these contours have been corrected 
to a standard reference time, H I hour, by a decay correction factor 


I„(t: actual time) 
“ Ij^(l; H ♦ I hour) 


(19) 


This decay correction factor can be obtained directly from a 
typical Close-In fallout decay curv'c ns shown in Figure 2 , 

Knowing the ionization rate, the exposure dose, In the cloud 
fallout area, which Is of greater interest than the stem fallout areo, can 
ke estimated by 


a 


( 20 ) 



(Id OS NOISSId )13d liH « aiva-NOIlYZINOI 












D. Condensation of Fallout ar.d Fractionation Wanbera 


During a nuclear detonation, a tremendous amount of heat Is created 
msclear flssloo and fusion, ?hls heat melts and also vaporises every¬ 
thing Inhaled Into the air cass from the ground and forms the familiar 
fireball. When the fireball rises, Its volume begins to expand, and Its 
temperature Is assumed to drop acconllng to the Ideal gns lav. The material 
swept Inside the fireball starts to llquldlfy and finally solidify to 
particles, In or on which the fission products begin to condense. The 
condensation process Is generally divided into two time periods as mentioned 
In the basic assumptions. The dividing temperature depends largely on the 
composition of the fireball. For a model surface burst on a soil consisting 
of silicate minerals this ter.perature Is assumed to be l 673 °K, as most ele¬ 
ments will have started to solidify e.t this temperature. Since the two 
periods are charaetsrlzed by the coexistence of either gas and liquid, or 
gas and solid, the vaporization or sublimation pressure plays an Important 
role In the condensation process. Tlie following formula for the evalua¬ 
tion of the pressure la piescnted in "Fallout and Radiological Counter- 
measures ' ; 


log j ♦ B ♦ C (21) 

whore Pj Is the vaporization or sublimation pressure for element J, 
gm/sq. cm., 

T lo temperature of the fireball, 

A, B, C are the empirical constants for vQporIzatlon or sublimation 

reactions of elements contained In the fireball which were 

(4) 

tabulated in Vdtier's manuscript , 

. The established computer program for estlmting Pj Is shown la 
Figure 3 , 





Figure 3< Cooputer Progran for Estimating Sublimation Pressure 
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Figure 3 (Continued). Computer Prograra for Estimating Sublimation Preesure 
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Figure 3 (Cbntlnued). Computer Progran for Estiinitlng Subllmatloa Pressure 
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Wgurc 3 (Cbnttnued). (Sanputer IVograo for Bstlmtlne SUbllnatlcn I^»rort 
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Rgor* 3 (Qjntlmied). Cboputer IVograa for Estlnatlng Subllnatlon Pre*flur* 
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clexentc In the fireball are radioactive ani hence the nt=ier 

of inole5 of each species is constantly changing vlth time. If y,.(t) 

JA 

denotes the emount of radlonjclldea of element J and mass nuzaber k present 
at time t after fission, then the total amount of eloaent J present at tline t 


■fj(t) ■ atoms or moles 


Correspondingly, the total omount for the entire chain yield of 
naaa nveber A Is 


atans or moles 


In which Is constsmt, except for masu chains containing neutron emitters. 

for the first period of condencation, the material balance for 
elMK'Rt J between gas and ll(juld phase la 

• VjA<*> ■ VjA°('> ♦ Vja'*> 

where number of moles of element J vlth mass number A, 

which is mixed with moles froa other mass chains to 
fora n moles of vapor, and lu abbx'cvlatcd to nj, ond 

r. .(t) is the number of moica of clement J with mass number A 

ja 

dissolved in the n(/) moles of liquid carrier, which 
Is th^* particle in the liquid phase, prior to ooLldt- 
flcatlcn, and is abbreviated to n,. 

For a p.Tf(Ct gns, the ratio between the mole fraction of cler.ent J 
in the vupor phase and that in the liquid phase is 
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N? n% n® KT/p V k 

Nj " nj/n(i) ■ "nj/n(ij * (25) 





c 


n(0 


R 


T 


V 


Is the cole rnctloo of elewjnt J In the vapor phase 

Is the cole fraction of element J In the liquid p^ase 

Is the number of moles of vapor 

Is the total moles of liquid carrier 

Is the Bolar gas constant 

is the etsolute temperature 

Is the total vaporization pressure 

Is tlie molar volume, anA 

Is the Eenxy's Law constant 


Fro= Equation (25), the following relation between n® and a. can ee 

V J 


obtained: 


n.k. 


["(4/ 


VI KT 




(26) 


where k® - fcj/(n(<)/vj RT 


Substituting Equation (26) Into Equation (24) yields 


(27) 


The fractlor.atlon na-aber of the first period of condensation, 

r (A,t), is defined to bo the fraction of the maos chain condcnc-cd, or In 
o 

mathematical fora 


r^(A, t) • 



I ♦ k? 


(28) 








wh' re 



whore t, In seconds, lo related to the firctall temperature, T, by 

T - U.66 X 10^ cxp(.0.5i*6 (33) 


lind the data of yj;^(^) ''^re calculated and tabulated as Nj(A, t) by Hollos 
Mud Ballou^^^ . ;tcr;cc, the fractionation number, r,(A, t), cun bo evaluatov i ^r 
tho clenv.-nts contained In the fireball. 

During the second p-.-rlod of condensation, if an excess of solid 
i".u*i‘iico aroa lu present, the an o\nt cor.d(-ni'.;J at p.r</ time after colldlflca- 
tior. of tho carrier, lo given b;/ 
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“j • “j ’ “j 


(S'*) 


where al the emo-jint of element J condensed on the «uirfacc of 

«} 

the solid particles 

n? Is the euajuat of element J that has not condensed in the 

V 

liquid carrier, and 

nj Is the airount of clement J In the vapor phase. 


For a perfect gas 


•a" J 

“j - W' 


(35) 


where 


Is the sublimation pressure and may be evaluated according 
to B^uatloa ( 2 l), 


The material balance for element J Is 


yj(t) • nj(t) ♦ nj(t) ♦ Dj(t) 


(36) 


Therefore, employing Equations (sy) and ( 35 ) 

i 

FT 




(37) 


or 




I ♦ k: 


VjA ■ ^ ^A^JA 


(38) 


In thla equation the partial pressure of each nuclide Is propor¬ 
tional to Its abuniar.ee at an>’ given time, and Is given by 




(39) 







•yO - O 

■J * 


The fr^-Ctlori*.Ion n>4r;ber of the cecond p-.Tlod of cocdensation 
r^(A, t) Is defined to be the fi-actlon of the mass chain condensed up to 
a given tt=.e during fr.e e-.cond period, or expre-sred m-i thematic ally 


r; (A, tj 




V V n® 1 

0.23 


('*0) 


(a a 1 • ^ (k tV « ^ 

*^IA,i - -^‘A, t/ • o.crj IWRT 


h ^jA 


(41) 


vhere 


Is the fireball vobune wid Is given by scaling the function 
V « 7 .C 2 X lo’’'- W exp (0.510 W*®’^^^t) cm^ 


B le tl.e ratio of fission to total yield, and 

0.23 Is a conversion constant changing weapon yield, W, to 
ruder of I’l'slon-moleu per atom. 

rh^vslcally III E^untlor. (-1), V/PT glvea the number of molts of clement J 

V 

In the vapor phase ur.i 0.23 LATH*^ gives the total n'lrber of moles of the 
eleaeut produced lu^.d In exlrtence at a given time In the eccond period. 

Ihc combined tej-n in Ej^allon (hi) gives the fraction otlll remaining In 
the vapor -tatv; during the ucconl period of eondenuution. The I - t) 

term glv« J the fraction •.■••.ich huo not condonred In the liquid carrl'ro during 


th'.'lr i> U-tiT.ce In the 


rst period of condensation. 
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fractionation nuaibera yield the Informatloa about the fraetlona 
of radioactivity condensed In, or on the particles, at any time after a burst. 
Therefore, the fractionation numbers not only make the conversion betveea 
intensity and activity possible, but also lead the way to the evaluation of 
soluble and insoluble activity which Is important to biological availability 
and radiological countenaeasurcs research. 

S. Conversion between Intensity and Activity 

The conversion between Intensity (measured as ionization rate) and 
activity density In fissions per unit ai-ea is presented In "fallout and 
Radiological Counteraeasureo",^^^ based on the simple assumption that 


Vt) 


Ij{(t)( ideal) 
Ideal) 




(kS) 


where the conversion factor, further broken down into the fol¬ 

lowing coaponents 

Kjj(t) - Dqj^ (rj^(t) Ifp(t) ljt)l 


('*3) 


la which 


rjj(t) 




lj(t) 


Is an Instrument response factor, usually assigned a 
value of 0.75 

Is the terrain shielding factor, usually assigned a 
value of 0.75 

Is the gross fission product fraction number, sotaetlmea 
also designated as r^Ct) 

Is the air Ionization i-nto per fission ot 3 ft above 
sn infinite. Ideal plane for a ur.irorm distribution of 
the normal fission pro^luct mixture, and 
Is the come imlt for neutron Inluced activities. 
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Details about the neutron Induced Ionization rate, l^(t), are almost entirely 
classified, but generally asslgned^**^ as 1.9!^ of Ifp(b)* The other components 
la equation (^3) cw ba readily derived. 

• Detailed Information about the activities of the U-235 fission 

(7) 

products has been provided by Bolles and Ballou . These data can be 

( 8 ) 

correlated to the data supplied by Katcoff' and applied to other types 
of fission elements, such as U-238, Pu-239 by taking proportions of the 
corresponding mass number. ^Is conversion has been systematized and 
tabulated In "Fallout and Radiological Countermeasures". Moreover, Mlller^**^ 
translated the activity data from Bolles and Ballou Into Ionization rate by 
a disintegration multiplier, m. Both tables of correlation and of disinte¬ 
gration multipliers are reproduced from Miller’s manuscript as Tables I 
and II, Therefore, the ideal or normal Ionization rate of fission product 
mixture may be computed according to the following foivnUa: 

ljp(t) - DbA^ (kk) 

4 

where Is the activity of the nuclide at time, t, per 10 fission. 

In accordance with the earlier discussion, the fission products 
do condense and fractionate with time instead of condensing completely at 
the very beginning as in the ideal situation. Therefore, the real ioniza¬ 
tion rate, ij»(t), should be multiplied individually for each radionuclide 
by its fractionation nanber ot any specified tine. Mathematically, this 
may be expressed by 

- Za A^(r^(A, t) ♦ r^(A, t)J (45) 

The (A, t) term vanishes In the first period of condensation. 

As tine Increases, the sum of the two fractionation numbers approaches unity. 


I 
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TABI.B I 

(41 

Cumulative Mass-Chaln Yields of Fission Products 
(Values are la per cent of flsslons> 


Mass 

u235 

u233 


number 

ITiermal 

Neutrons* 

Fission 

Neutrons 

Fission 

Neutrons 

8-Hcv 

Ii'eutrone 

Tliormal 

Neutrons 

Fission 

I’estrons 

72 

1.6x10'^ 

b.exlO'** 

5.0x10*^ 

• 

•4* 

1.2x10 

- 

73 

-4 

l.LxlO 

0.0012 

3.7x10*5 


2 .2x10"'* 

- 

74 

(3.2x10*'* f 

0.0034 

l.ixlO 

0.001 

4.1x10*'* 

o.oou 

75 

(8.8x10*'*) 

0.0062 

8.3x10*'* 

0.0040 

_4- 

7.X10 

0.0023 

76 

(0.0029) 

0.012 

0.0012 

0.0078 

0.0014 

0.0051 

77 

0.0083 

0.023 

0.0038* 

0.014 

0.0026 

O.Oll 

78 

0.021 

0.048 

0.0095 

0.026 

0.0049 

0.025 

79 

(0.04l) 

0.096 

0.019 

0.053 

0.0090 

0 . 0 > i 3 

80 

(0.077) 

0.19 

0.045 

0.096 

0.016 

0.075 

8l 

0.l4 

0.21 

0.088 

0.18 

0.030 

0.l4 

82 

(0.29) 

0.50 

0.20 

0.35 

0.056 

0.23 

83 

0.544 

0.80 

0.40* 

0.66 

0.10 

0.37 

84 

1.00 

1.3 

0.85 

1.02 

0.17 

0.60 

85 

1.30 

1.85 

0.80 

1.45 

0.28 

0.92 

86 

2.02 

2.5 

<•>1 

CO 

1.9 

0.45 

1.15 

87 

(2.9'4) 

3-3 

1.90 

ro 

0.73 

1.5 


(3.92) 

4.2 

2.45 

2.7 

1.2 

1.9 

39 

4.79 

5.1 

2.9* 

3.17 

1.9* 



Continued 



TABLE I (continued) 


C'jraulatlve Mass-Chain Yields of Fission Producta 
(Values are la per cent of fissions) 


:/35 -,^30 



Tr.c-reial 

Fission 

u’eutrona 

Fission 

"eatrons 

8 •^!ev 

'icutrons 

Thereal 
Kc-utix-as 

Fission 
Neutrons 

30 

5.77 

5.8 

3 . 2 » 

3.7 

2.4 

3.0 

91 

5 .e’. 

5.85 

3.6 

4.3 

3.0 

3.7 

92 

6.03 

6,0 

4.1 

4.8 

3.7 

4.4 

95 

6 . 1-5 

6.4 

4,85 

5.2 

4.6 

5.0 

9 ^ 

6.40 

6.4 

5.3 

5.45 

5.5 

5.4 

93 

6.27 

6.3 

5.7* 

5.6 

5.9* 

5.6 

90 

6.33 

6.3 

5.8 

5.7 

5.7 

5.3 

97 

6 . 0 ? 

6.1 

5.7 

5.64 

5 . 6 * 

5 . 2 * 

90 

5.70 

5.8 

5.7 

5.6 

5.4 

5.4 

99 

6 .o6 

6 .l*^^ 

6 . 3 * 

6 . 2 *» 

5 . 9 » 

5 . 9 * 

100 

6.30 

6.7 

6.1 

6.4 

6.0 

6.4 

101 

5.0 

5.3 

5.5 

6.5 

6.0 

5.9 

103 

4.1 

2.9 

5.6 

5.9 

5.9 

5.3 

103 

3.0 

1.7 

6.6 

5.0 

5.8* 

4.6 

104 

1.8 

0.95 

5.4 

3.2 

5.0 

3.5 

105 

0.90 

0.54 

3.9 

2.2 

3 . 9 » 

3.2 

lOo 

0 .j 3 

0.30 

2 . 7 * 

1.5 

5.0* 

3.6 

107 

0.19 

0.17 

1.35 

i.O 

4.0 

3-1 

i 03 

( 0 . 035 ) 

0.095 

0.67 

0.70 

3.0 

2.6 

10-1 

( 0 . 0 : 9 ) 

0 . 053 »»* 

0.32* 

0.43 

1 . 5 * 

1.9* 

110 

(0.0 0) 

0.030 

0.15 

0.33 

0.65 

0.81 

111 

(0.015) 

0 . 0 .: 2 '*** 

0 . 075 * 

0 . 23 '** 

0 . 27 * 

0.34 

il: 

( 0 . 013 ) 

0 . 0 _ 0 *»* 

0 . 046 * 

0.19 

O.IO* 

0 . 14 * 

113 

(O.OL?) 

0.018 

0.043 

0.17 

0.055 

0.090 
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TABLE I (continued) 

Cusulatlve Mass-Chain Yields of Fission Products 




(Values are 

In per cent of fissions) 


Mass 

Wumber 

,^35 

jj 238 


Thercal^ 

Teutrons 

Fission 

neutrons 

Fission 

TJeutrons 

8-Mev 

Neutrons 

Thcnrial 

Neutrons 

Plcslon 

Ne-tron; 

llU 

(O.Oll) 

0.017 

0 . 04 l 

0.16 

0.046 

0.075 

115 

0.0104 

0 . 017 ’‘** 

0 . 040 * 

0 . 15 ^»* 

0 . 041 * 

0.069* 

116 

( 0 . 010 )^ 

0.017^ 

0.039 

0.14 

0.039 

0.065 

117 

( 0 . 010 ) 

0.017 

0.039 

0 . 14 ^ 

0.038 

0.065 

U 8 

(O.OlO) 

0.017 

0 . 40 ^ 

0.14 

0.038'’ 

0.064'’ 

119 

(o.ou) 

0.017 

0.041 

0.14 

0.039 

0.064 

120 

(o.ou) 

0.018 

0.042 

0.15 

0.041 

0.065 

121 

( 0 . 012 ) 

0.020 

0.044 

0.16 

0 . 044 * 

0.066 

122 

( 0 , 013 ) 

0.022 

0.046 

0.17 

0.047 

0.069 

123 

( 0 . 015 ) 

0.030 

0.050 

0,19 

0.052 

0.076 

124 

( 0 . 017 ) 

0.053 

0.055 

0.23 

0.058 

0.082 

125 

0.021 

0.095 

0.072 

0.33 

0.072* 

0.14 

126 

( 0 , 053 ) 

0.17 

0.175 

0.48 

0.175 

0.35 

127 

(O.II5) 

0.30 

0.39 

0.70 

0 . 39 * 

0.80 

128 

0.37 

0.54 

0.77 

1.0 

0.77 

i -9 

129 

0,90 

0.95 

1.45 

1.5 

1.45 

2.5 

130 

2.0 

1.7 

2.5 

2.2 

2.5 

3.2 

131 

( 2 . 83 ) 

2.9 

3.2* 

3.2 

3 . 8 * 

3.8 

132 

(4.31) 

4.3 

4.7* 

4.4 

5.0 

4.6 

133 

( 6 . 43 ) 

6.1 

5.5* 

5.4 

5 . 27 * 

4.9 

i :4 

(7.80) 

7.3 

6 . 6 * 

6.5 

5 . 69 " 

5.2 

135 

( 6 . 40 ) 

6.3 

6 . 0 * 

5.9 

5.53* 

5.1 

136 

( 6 . 36 ) 

6.4 

5.9* 

5.3 

5.06" 

5.3 

137 

(6.05) 

6.0 

6.2 

5.85 

5 . 24 ' 

6 . 4 * 


Continued 
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TABLE I (continued) 

C-raulatlve Mass-Cialn Yields of Elsslon Products 




(Values are 

in per ednt 

of flpslons) 



y.a.^8 

ruj;tc-r 

j235 

1^ 

.238 

P.a239 

"IV.emal 

lfcuMx>nj 

Fii=sloa 

Fission 

iJeutrona 

8-Mev 

Neutrons 

Themal 

Neutrons 

Fission 

Neutrons 

13S 

5.r‘^ 

5.7 

6-4 

5.9 

5.5 

5-4 

139 

(6.34) 

6,4 

6.5 

6.0 

5.7* 

5-2 

l'*0 

6.44 

6.4 

5.7* 

5.6 

5.68* 

5.0« 


(6,30) 

6.3 

5.7 

5.5 

5.2* 

4.7 

I'iS 

(5 85) 

5.9 

5.7 

5.4 

6.69* 

4.9 


(5.87) 

5.8 

5.5 

4.97 

5.4* 

5.0 

1^4 

5.6? 

5.1** 

4.9* 

4.3»* 

5.29* 

4.3 

145 

3.95 

4 .2 

3.7 

3.7 

4.24* 

4.4 

146 

3.07 

3.3 

3.1 

3.17 

3.53* 

3.7 

l4r 

2.38 

2.5»» 

2.6»» 

2.7** 

2.92* 

3.0 

143 

1,70 

1.85 

2.0 

2.27 

2.20* 

2.36 

149 

1.13 

1.3"* 

1.45 

1.9** 

1.75 

■ 1.86 

1^0 

0,67 

0.80 

1.05 

1.45 

1.38* 

1.48 

151 

0.45 

0.50 

0.74 

1,02 

1.08 

1.16 

152 

0.265 

0.31 

0.50 

0.66 

0.83* 

0.92 

153 

0,15 

0.19»* 

0.32 

0.4l»» 

0.5? 

0.60 

154 

0.077 

0.096 

0.19 

0.25 

0.32* 

0.37 

155 

0.033 

0.043 

O.ll 

0.15 

0.20 

0.23 

15' 

0.014 

O.C23'* 

O.0C6* 

0.092*** 

0.12* 

0.l4 

15 »• 

0.0078 

0.012 

0.034 

O.C57 

0.0C4 

0.075 


0.002 

0.0062 

0.016 

0.032 

0.034 

0.043 

151 

0,00107 

0 . 00 }-** 

o.ocyo«» 

0.017** 

0.020'*** 0.025 


CaiiMcucd 
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lABLS I (continued) 

Cumulative Mass-Chain Yields of Fission Products 
(Values are In per cent of fissions) 


Mass 


^38 

Pu*^ 

39 

Number 

lliermal 

Neutrons* 

Fission 

Neutrons 

Fission 

Kc'Jtrons 

8 -Mev 

Neutrons 

Thermal 

Neutrons 

Fission 

Neutrons 

l60 

3-5x10-4 

0.0012 

0.0036 

0.0035 

0.0092 

O.Oll 

l6l 

7.6x10-5 

4.6x10-4** 

9-4x10-4 

0.0044<<‘ 

0.0038«'** 

O.OOJl 


■•Seymour Katcoff, Fission-Product Yields From U, Th and Pu . Nucleonics , 

Vol. 16, No. 4, p 78-85 C195a) 

R. Bunney, E. M. Scadden, J. 0. Abrlara and N. E. Ballou, Radlochr-mlcal 
Studies of the Fast Neutron Fission of L'-3^ and Second Inter¬ 

national Conference on the Pcocciol ’Js'-s of Atonic i;ergy, A/Conf. 15/p/643> 
USA, June 1958 

"'•O. P. Ford, J. S. Gilmore, ct si. Fission Yields . LADC-3083, 1958 

♦ ••-♦L. R. Bunnoy, E. H. Scadden, J. 0. Abrlam, N. E. Ballou, Fission ilelds 
in Neutron Fission of Pu^^° , US;tTOL-TR-268, 1958> Unci. 

a. Parentheses indicate estimated values or where Katcoff's value was altered 
in order to adjust the yields to a gross sum of 100 In each peak. 

b. Lino Indicates division of two peaks that woo used for Individual peak 
sumo. 





Nuc lidr 


Zb.72 

2 n-7U 

Ca.72 

Ca.73 

Ca- 7 fe 

Ce-75 

Ce-77 

Ce.78 

Aa-77 

A 3-78 

A8-79 

Sc.-dlB 

Se ?83 

Br .83 

Br -84 

Kr-83a 

Kr,-85« 

Kr*.85 

Kr .87 

Kr-88 

W>-88 

in ).89 

Hb.91 

8r-89 

Sr-90 

Sr-9l 

8r-9e 

Sr .93 

V .90 

Y,-91n 

Yp-91 

Y^92 

Y-93 

Y-9** 

Zr-95 

Zr .97 


tABLB Xt 


rontzattof. Dt3Integration matJpller* for . 
FtMoion Product and ffher ftadl5n^;?rn77~(<*) 


ffl 

10'^ 7/hr.ft^ 

(dio/aec^ 


ITucllde 


6.75 

l».22 

i»*.3 

2.U 

12,4 

0.216 

13.1 

2.74 

0.0735 

2.51 

0.0 

0.U7 

0,0 

12.8 

0.0174 

8.12 

0.0959 

0.973 

0.0316 

7.03 

7.40 

4.30 

12.0 

6.67 

0.0 

o.o 

5.03 

6.93 

1.20 

0.008 

3.24 

0.0135 

6.56 

0.817 

6.67 

4.32 

0.346 


ITb. .95« 

NbS95 

^^,-97m 

Nbp-97 

Nb^98 

Mo-99 

Mo-102 

Tc-.99i» 

Tc-lOl 

Tc-lOe 

Ru.103 

Pu -105 

Ru-106 

Rh.l03« 

Rh,-105« 

Rhi-105 

Rh.l06 

Rh-lO? 

W-109 

Pd-lll 

Pd-1L2 

AZ’ 109 » 

Ag-111 

Ag-112 

Afi-113 

Ag-U5 

Cd -115 

Cd‘-115 

Cdtll7» 

Cd-ll8 

Cd-120 

In.115 

In-117 

In-118 

Iri-119 

Sn-12l 

Sn-123 

Sn.l25 

Sn-126 

Sr.-127 


a 

10*^ r/hr-ft^ 
Idis/s«c) 


1.41 
4.56 

4.42 
4.02 

11.7 

0.772 

6.85 

0.0 


0.782 

2.03 

2.45 


2.99 

4.36 

0.0 


0.150 

0.283 

0.559 

1.81 

5.08 


0.0 

5.00 

0.0225 

0.172 

0.175 

4,59 

0.158 

1.28 

0.187 
1.11 
8.U 
0.0 
3 .08 


1.12 

1.36 

13.5 

0.0371 


0.0 

0.0 

6.19 

0.0 

3.08 
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Table II (eoatlnued) 


Air Ionization Dlalnte»tratlon Multipliers for 


ITuc-llde 

the Fission Product and 

other Rsdlonucllde 8 

a 

10 "^ r/hr-ft^ 

a 

10 '^ r/hn-ft® 

Nndlde 


(dls/eec) 


(dls/secj 

Sb-125 

2.78 

Ce-l4l 

0.470 

Sb.l 26 

16.1 

Ce.l43 

2.34 

Sb-127 

2.70 

Ce.l44 

0.188 

Sb-128 

13.0 

Ce.l45 

4.22 

Sb-129 

6.10 

Ce-l46 

1.60 

Sb.l3L 

3.66 




Pr-l43 

0.0 

Te,-125M 

0.0525 

Pr-l44 

0.163 

Te,-127 

0.181 

Pr-lh5 

0.0 

Te5.127 

O. 02 U 9 

Pr.l46 

6,42 

To^-L29a 

0 . 39 a 

N(J.i47 

0.968 

Tei-129 

1.52 

Tef.l31 

d.us 

Nd.l49 

2.31 

T«‘.131 

2.08 

M-151 

6.44 

■Pe -132 

1.52 

fi«-l47 


Te,-I33a 

0.790 

0.0 

Te*-133 

9.12 

P».149 

7.25 

Te-i3>‘ 

7.89 

Fd.150 

4.99 


Fm-151 

2.21 

1-131 

2.38 

Pm-152 

3.79 

I.13S 

13.0 

Pm .153 

4.76 

1-133 

3.59 


0.0544 

1-13^ 

9.63 

Sm .151 

1-135 

9.60 

Sm.l53 

0.455 


Sm .155 

1,80 

Xe,.131ei 

0.207 

Sm-156 

1.20 

Xe*-13> 

0.413 

Sm-158 

3.08 

XeJ-133 

0.304 


0.314 

Xe?-135- 

2.69 

Eu .155 

XoJ-135 

1.55 

Eu-156 

5.55 

Xe2l38 

7.89 

Eu -157 

3.78 


Eu .158 

7.21 

C 8 -I 37 

0.0 


0.430 

C 8-138 

11.2 

Cd-159 

C 8.139 

4.78 

Tb-l6l 



0.123 

Bq-137«> 

3.65 



Ba .139 

0.888 

V-237 

1.13 

Ba-l**© 

I.IO 

U -239 

0.338 

Ba-lUl 

4.22 

U-240 

0.0 

6a-l>«2 

5.76 




:ip-239 

1.11 

La-lUO 

13.0 

Np-240 

2.07 

Lo'l>«l 

0.400 

Mn .56 

9.40 

La-1>42 

11.6 

La-ll3 

6.67 
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Tbe gross ionization fzactloaatlon nnaber, I* defined as 

tbe ratio between the ionization rates at H > 1 hour of condensed and noroal 
fission products. It nay be expressed as 

r/l) - 




Thus, all the components for the conversion factor, have been cited 

and derived. The intensity-activity conversion, shor^n as Equation (•»2), 
is very useful in fallout contamination studies and the determination of 
other properties of fallout. 

y. Biological Availability and Atom-Concentration Intensity Ratio 

fraction of radionuclides condensed on the outside of fallout 
particles is potentially available for biological uptaXe. By an analogy 
to the intensity-activity conversion presented in the foregoing section, 
the ratio of the number of atoms condensed on the exterior of the 
particle to the standard intensity at H ♦ I hour Is given by the following 
formula 


N^(A) 

rnr 


Y^r;(A, t) 


■w 


('*7) 


where 


n;(A) 


Is the number of atoms (of the end DKaber of the mass 
chain and condensed on the outside of the particle) 
which land per square foot of ground. 

The other terms in Equation (^7) are the some as defined previously. 
The ratio !• colled the atom-conccntratlon intensity ratio. 

As oho-^n in Equation (12) the fireball rising time, t, is a function 
of the pat^icle-slzo pan meter, a. Beca'^e of tine dependence this ratio is 
also dependent on a. Ko'./ever, the Or con be approximated and simplified by an 


average value a^, which Is 
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X 

h 


Since 01 ^ doea not vary vith croco-wlnd atom-conccntmtioa 


Intensity ratio holds constant as a first approxinatlt*!* valvleo oi* cross* 

Moreover, ns shall 


vind distance at a given valvie of do'-mvlnd distance X 
he seen in the follov/ing section, a given value of ci i-epresents a group of 
particles with a small range in diameters. Therefore; ratio N^I is essen¬ 
tially associated with a given particle'size. 


The values of (A)/l(t) for six blologlcaiJ-y important isotopes at 


different dovnvlnd distances for a typical 10 MT burst have been calculated 
as shown in Table VI. 

This ratio con be applied to water contamination studies to yield 
the activity of soluble radionuclides in water suppll^®* ^ 

replaced by ^^(Aj t), the ratio will provide the information for the actlvlty| 
of Insoluble radionuclides, since those mdionuclldes fased into the silicate 
particles are assuned to be not x^eadily soluble in wat^f* 

G. Ionization Rate Contour Ratios and Particle Size stribution 

Several ionization rate contour ratios have 1 ecu defined to deter* 
mine special properties of fallo-jt. They are: 

(a) The mass conto-or ratio, M^(t), which Id the ratio of the 
fallout mass per unit area at any downwind distance tt> ‘•he ideal Ionization 
rate at that location, or sathematically: 


Hy(t) 


where 


nijj Is the mass of fallout per unit area ®hy downwind 
distance, X 

I^(t) is the ideal loo 1 ration-rate at 3 ft “hove an extended open 
area covered with fallout. 


(**9) 
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Ttie mess of fallout, «» empirically dotemlned to te a function 
of both a and V, la 



m - f(»») mg 



(50) 

where 

f(<») - 5.33 X 10‘^ mg/floslon. 

a 

- O.l to 0.9 



- 5.64 X 10*^ ^*0.690 ng/fi33jop^^ 

a 

- 0.9 to 2.0 



• 7.14 X 10*^^ Hi^l/flesion 

a 

>2.0 



According to Equation (’*2), It Is found that 

yi) X Area - D(l)qj( l^(l) ♦ l^(l)l BW (H> 


Therefore, the mass ratio associated with H ♦ I hour, M^Cl), 

for a ground surface burst will t># 


M,(l) 


f(a) __ mg/sq ft 

D(l) r/hr at i hr 


(52) 


(b) The flBulon-produOl contour ratio, FP^(t), which Is the ratio 
of the number of atoms, or moles, •'»*’ fission products per unit area at any 
do^nylnd distance to the Ideal ion^^*^tlon rate at that location, or nathc** 
natlcally, 

FP,(t) s ^53) 

where R Is the nurabeP ''f atoms, or moles, of fission products 

fP 

per unit aretti 

Prom the dlsc-.ioelon of Mud Ion 6,, this contour ratio, corrected 


to H ♦ 1 hour, for a ground surfat'u burst nuxy be expressed as 
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P?^(l) 


1.16 X 10'-^" 


Bolcs fp/sq ft ^ci \ 

r/hr at I E?^ 


(c) We frtctton of device contour ratio, FD^(t), which Is the 
ratio of the fraction of weapon device per unit area at any downwind distance 
to the Ideal lonlzatlas. rate at thot location. This ratio when corrected to 
H ♦ 1 hour may he expressed as 

-'’U 

X 10 

■•X ““‘■a -' -fp -' *1 


“ d(l T L cv'wO T ^i) - . 1(0 1 ^ 


(5?) 


Those conto..r ratlo-o predict various characterlstlce of local 
fallout, as they yield Information about the mass, the number of atoms of 
fission products per area, the fraction of weapon yield per unit Area 
and other properties of fallout at a specific location. This Information 
is valuable for the dc-stiijn of fallout shelters and other radiological 
countermeasures. Mor^-tr/er, the use of these contour ratios and their 
scaling functions mahec possible the extrapolation of a limited amount 
of experimental data to cover a number of operational cases since the con* 
tour ratios are not co.nctont but nro point fuictlons whose volues depend 
oa many variables. Furthermore, the average density of the fl;..''ion products 
can be cotlnntcd from t.he ratio of FPy(l) to M^(l). 

Another advoitag.; of the C.C.D. fallout tsodel Is that particle 
sit-' groups for any giver. down-..'lnd location con be estimated by a graphical 
method, provided that the particle fall-rote Is known. Since the fall-rate 
for n given else parar/'.-t-r Q does denote a group of particle:; with a range 
of dla.T.ctcrs, with the ftll-rote for a given particle size parameter known, 
the range of diameter; for a group of particles can be detomlned, dcpindlng 
on the thickness of the cloud snd the altitude from which the group falls. 


A family of cur.’es vhlch sho^JS the size of Ideal, spherical particles falling 
through a stanJaI^i atnos^ere from various altitudes as i function of fall- 
rate vac prepared by D. E. Clork^^^^ and appears as a sketch In Figure Q* 

When esti-atlng the particle size range at a downwind distance. It 
should be first decided whether the source of the particle group originates 
from the etco or the cloud. The origin of the particle group can be generally 
Judged by comparing the downwind distance with the do-wnwlnd range of the 
stem fallout. In case the distance falls within this range, the particle 
group prcdonilnar.tlj- originates from the stem; otherwise It Is essentially 
derived from the cloud. Within the stem range, the maximum and minimum Ot 
values may be calcul^;;cd by Equation (H), which is r. laborious procedure. 

A computer progms, cs shown In Figure 7, has been established to solve this 
eq-istlon. The height of fall for the stem fallout Is derived from Equation (ID) 
which Is 


Z 


< 


(56) 


For particle groups falling Inside the cloud range at any down¬ 
wind location (X, Y), the crosswind distance Y should first be converted 
to the cloud coordinate, y, according to 

y - a|-. (57) 


where Y Is the wixlri-in half-width of the croscwlr.d dlr-tance on a 

m 

1 r/hr contour, and 
a Is the cloud radius. 

Pollowlr^ this coordinate transfer, use equations (15 ) and (l3) to 
Ivtemlne Q and the two extreme heights of fall, z and : . For the actual 

D H C 
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distance of fall, the height of the cloud, h, should te added. Tlie fail-rate 
18 evaluated from Equation (lO), which Is the defining equation of a arJ 
which yields 



Therefore, with weapon yield and downwind distance known, and with 
the help of the fall-rate curves, the approximate particle size districutioc 
at (X, Y) can be estimated. This Information on particle size distrlbuTion 
Is useful for studies of transport phenomeria In fallout Invec-tlgatlons. 

H. Conclusion - The Reality and Applications of the O.C.P, Model 

The O.C.D, fallout model mainly uses the technique of the scaling 
method, hence ax)st of its formulae are derived from realistic expcriceatal 
data. Therefore It serves as a very good bridge between the ideal theoretical 
hypothesis and practical empirical data. Moreover, this model has been 
applied to several real test shots, and was found to yield very satisfactory 
results. On the other hand, the fundamental thermodynamic theory on which 
this model Is based Is quite simple and convincing, and all the compiatatlons 
Involved are relatively easy. Another advantage of this model Is Its vide 
application, since it gives not only Infuiwation on fallout patterns but 
also that of activity, bonce It Is very valuable to radiological research. 
Although there are still a few defects, such as constant wind velocity, 
the sole dependence on weapon yield, end the cigar-shape contour cssunp- 
tlons, etc,, this model Is generolly considered very' realistic and applicable 
to the problems of fallout research. Its main applications will be radio¬ 
activity prediction, cour.tcrmeasure design and biological protection. 




-UL- 

III. COMPUTATIOJAL MEIHODS OF TO£ FALLC'UT MODBI, 

los^iatloD tteite Contouy 

Although the physical characteristics and the mathematical approxl- 
aatlon for the rising stem and the cloud have been discussed in detail, 
little has been said about how the fallout contours are determined. Even 
though the available data from actual land curface shots Is small and limited 
primarily to low weapon yields, sooe general conclusions have been drawn 
from the teat data. 

Because awst of the observed properties of the fallout patterns 
are In terma of Intensity, the fallout contours are usually given In units 
of roettgena/hour (where the time was corrected to a standard time of 
H ♦ 1 hour). The general shape of the fallout pattern can be approximated 
by the overlapping of ellipses, for both the ott-m and cloud fallout. 

The dimensions necessary for constructing the ellipses are the 
distances from ground zero silong the downwind axis where the lateral die* 
plaoement la zero, (Y • O). First, to construct the Intensity vs. distance 
curve (see Figure *♦) the downwind distances of Interest are the highest 
Intensity and a preselected low Intensity, which varies with wind velocity, 
but for a 1$ nph wind Is 1 r/hr at I hr. 

For the stem these locations have been labelled as follows; 
and Xjj are the upwind and downwind distances, respectively, from 
ground zero to the 1 r/hr at I hr Intensity. 

Xg and are the distances to the upwind and downwind shoulders, 

respectively, of the intensity ridge. 

For the cloud the following notation Is used; 

Xj and Xg are the arrival location for the group of particles of the 
the selected low Intensity from the rear and front of the 
cloud, respectively. 





OOWNktNO DISTANCf X (MiLE» 








X, is the distance frora ground zero to an Intermediate point 

o 

between Xj and X^. 

la the doMnulnd. distance from ground zero to the peak of 
the Intensity contour. 

Xg is the downwind distance from ground zero where the contour 

Intervals has a maximum half-width. 

The values for these quantities are determined by equations 
appearing In the Ionization or Intensity rate computer program. Because 
of the limited characters available on the computer printer, the notation 
used in. the analysis of the model had to be changed. The corresponding 
notation between the model and the computer prograa is given Ic Table III, 

The following discussion describes the method for calculating the 
X'a and how the scaling functions can be found In the computer program In 
Figure 5 . First, yield-dependent scaling functions for the size parameters 
a • 0^ 3' ®5’ * ' ’ ' been determined from data that has an 

effective, or average wind speed of 15 mj*. Ihece scaling functions are 
then multiplied by to correct for the wind velocity ythc 

Ionization rate between Xg and X^ls calculated by two formulas. For yields 
W ^ IOOKT, Ig 3 - ^f^,3 values for K 2 ^ 3 (l) * 1-^,3 

and n were generated by fitting curves through the values of a Table la 
Chapter Three of Carl F. Miller’s manuscript "Fallout and Radiological 
Countermeasures". For W < 100 a curve was fitted through the first three 
values of I, , given In another table from Miller and adjusted for wind 

^ y 

velocity by multiplying by The resulting equations appear on 

lines 071*1 through 0802 In the computer program appearing in Figure's. 


In all the equations that follcrw the scaling function formulas 
and constants arc given In Table IV. For any scaling function dependent 
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Figure 5 (Continued). Ccnputer ?roer« for lonlatlon Rate Cbntour. 
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Flgur« S (Continued). Conputer Progna for lonltatlon Rate Cbntoum 
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Figure 5 (Continued). Computer Program for lonliatlon Rate Contouare 
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Figure 5 (Continued), Conq^uter PrograHl lonliatlon Rate Contoure 



MUf I 


•iMooMa* •! *4 ttMMMt* *4 . . Ill »t »n*n«*t» m «4 •* 

M (leMaaMt •} 


M«A« K 



•1 

•OOOOOOOOft 

04 

*10000000* 

Of 

4aaataaa>4 *l 

• lOOOOOOO* 

•» 

• 90000000* 

09 

♦ ICOOOOOli oo> 


•4 

• 10000000* 

0» 

• tOOOOOOO* Of 

• 400000^ 

oO 

• *doeoooo« 

01 

•10000000* 

04 

•aooooooo* to 

• MSdO^. 

•4 

•44000000* 

04 

•oooooooo* 

00 

•oooooooo* 

00 

• 0OOCOOOO* 

00 

•oooooooo* 

00 

•oooooooo* ot 

•OfteMMO* 


•oooooooo* 

00 

*00000000» 

00 

•oooooooo* 

00 

•ooocoooo* 

00 

•oooooooo* 

oo 

•oooooooo* ot 

• 09«00000« 

00 

•00000000* 

00 

•oooooooo* 

00 

•oooooooo* 

00 

•oooooooo* 

00 

•oooooooo* 

00 

•oooooooo* ot 

• MOOOOOO* 

oo 

•oooooooo* 

00 

*00000000* 

00 

•OOOOOCoO* 

00 

•t^do^scrco* 

00 

•oooooooo* 

00 

•ooteoooo* ot 


00 

•oooooooo* 

00 

•oooooooo* 

00 

•oooooooo* 

00 

• COOOOCOO* 

00 

•oooooooo* 

00 

•OOOOOCOO* ot 


4»m«o«m» m aMoooom, m 






AtfUl \ 


M 4ltT««*«4, 

• HtuOMa. •! 4tIM««««< 

ftlMOOpO, *\ 44«»t«0Mt 

44»4M«M4 •! 4ll>iM««« 

• IttOaOM, Vf 44l*«4«V««4 
• •fftooOM, 0* 

4««0040M, M «OOe4»»OB» 


•I n 4 *»’»»o* M i at 

at 4>t4«aaaa, ai •4»*oaaaaa4*4l 
•t 444uaMt4 a; .ataaaoai ■ at 
ai ffioaaaaa* aa 4 i > aaaooat aa 
Cl »»tiaaaoaa» aa •4*iaiaaaa« at 
ai •■tiMoaaa, at »»4a ta aaai4 aa 
aa 4aaoaaaaa4 aa taaaaaaaa* aa 


4 >Haaaaa. 

4)»>aaaaa, 

«itatoaaa4 

m4l>4Xaaa4 

faacajaaa* 

vttiTocaaa, 

foaaaoeao. 


aa 4Ui4aaao, ai •itaaaaaaa> ae 
ai .4t>4»aaa, at ftaaaaaaa* at 
at ttaitaaaa* at (atvaaaaa, at 
aa •)eooaaaai>ai •4iaaaaaa«*ai 
aa ‘titaaMaai at •iiaaiaaaat aa 
aa ••laaioaaa, at •uaaaaaaai at 
aa «aaoaaaaa, aa fooeaaaaat aa 


aaaat a 


taataaaaa, aa •*aaaaaaa>,4t iatiaoaaaa aa 4t>ataaaai M 

4t*aaaaaat aa 4*aaaaaaa, aa •Jiaaaoeai aa 4aaaaaaaa4«a> 

•aataaaae, aa •aaaaaaaa, aa ttiaaaaaa, aa 4 »neaaaa» aa 

4iaaaaaga. aa •4U«aaaaat aa fi^aaoaaa, aa .a«aaaaaa>««t 

4i>iaaaaa4 aa «4^aaoaaaa• aa «a»>ioaaaa, aa -.aaaaaaaat aa 

-4iteaaaaai,at •4taaaoaaat,at •4>aiaaaaa4 aa »4ia n taaai«al 
I •aoaaaaaot aa taaaaaooa# oa 


4«4«aaaaa4 aa 
4 «tixaaaf. aa 
«%>,;a?aa* aa 
,ttoeoaaa,-ai 
4 aaoaaaaa, aa 
4i4'>3aaaa, aa 
4 »aaaaaaa, aa 


tiaaaaaatt aa iTtaeaaaai-ai 
•laaaaaaa, aa itiaaeaaaa aa 
•*aaaaoaat aa taataoaaa, at 

• >4oaaatafai 4i«ieaaaa4 at 
••t*aeaa4a,*ai ••iiaao«aa>-at 
•44a4aaaa4> aa •ttitaaaaa, at 
4taaaaaaa. aa •aaoaaaaa4 at 


«M*T Pm 


•aaaaaaaa, aa 4 aaaaaaaa, aa iawaaata, at 4 taeaaaaai a* »»»»•*»»** at •i>t»4a4i. at «i4ii»iti» at 
taaaaataa, aa 4aeaaaaat4 at 

Mur I 


'4t>4it>ta4 at 
444t«4a>t4 aa 


ttt«atiaa4 aa taatatmt a> tiaMamt H 
•ttaaittat a* 


tiitniat* at 4it»tit>t aa 4>atajaTt4 aa 
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Table III 




LIST CP 

SYMBOLS 


ttutatiOQ of 

notation due 

NotatIon of 

Notation due 

computer 


prlpertly to 

conputer 

prlnatily to 

nixxnraB 


!tlUer 

program 

Killer 

A 


a 

ELLC 

Distance from center to 



0. 0 


focus of ellipse of chosen 

AitnQ 


a /b 


contour in up</lad cloud 
region 

AH 


aA 

P 

P-l if W > 28 KT 

AiiP ( ) 


Oj, 0^, Oy, 0^. 


F«0 if V s 28 KT 
(used to differentiate 

A{ 4*>^3 


^.3 


scaling functions) 

AM'S 


°5 

G 

C «1 If U < 9 KT 

C »0 If W i 9 KT 

AM'S? 


"5 

H 

h 

A 9 


a, 

I ( ) 


fi 


a 

b 

^1’ ^5' V h* ^9 



IC { ) 

Intensities of chosen 

wru. dys 

» 

(0, ly), (0. 1) 

contours 

MY''. Kf 3 


(0, L J, (Y . 1) 

U 

Intensity of chosen 


‘^*■5 • 


contour I? , 

m 2 , B 12 

• 

(Xj^, Ij^), ( 3 ^» 12^3) 

ICR 3 

j 

Kg 3(1) 3 

MJ't. fl 34 

* 

^ 3 * ^, 3 ^* 

123 

h 3 

Hp(i, B56 

» 

<*5. (V ^6^ 






J 

Diminy variable used aa 

Ht'Y. B67 

» 

(*6- V* ^* 7 » V 


"1" In 1^, etc. 

M/O?, BY89* 

(Xy, ly), (Xy 

XA 

I^a 

UA 


CA(X) 

KAA < ) 

Kj(l)Ag, 



*c 

KI 2 

V2 

01 


U7 XAA 

L( ) 

Array containing constants 
for scaling functions 



D 

LA 

In a 

Dl-H 


D* 

LARS 

In a/R 



Nuaber of contours 


9 


studied 

LAS 

In & 

0 







^ble III (Continued) 
LIST C.' SYMBOLS 


Ifotetion of 
coqpiter 
Tr:<yr^ 

LAO 

LI ( ) 

“7 

Vi 

M( J 


PHI 

<» 

RS 

SA 

SW 

V 

vw 

VUH 

WSX 

U 

X( J 

xcx 

XC 3 

xcu 


dotation doe 
primarily to 
_ Miller 

la a 

o 

la 1® 

1 

la U 

Army containing 
Constanta for 
scaling function* 

Uced In equations 
involving X' 

*y ♦e* *7 
*^,3 “i * 5 

SA(I) 

S(v^) 

▼yi 5 


Itotatlon of 
computer 

PTOgraa 

XC6 

XPRC 

XPRS 

XX 

xxc 

xxrr 

XU 4 

X 7 

X8 

X87 

X 9 

X 93 

yicc 


Rotation due 
prloarily to 
Miller 

7 , 9 ** 

X* 

X‘ 

X 

X 

f <v*) 


In (V^ 

X 98 ^ . X87* 

X^ in feet 
3^4n feet 

*8 • *7 
Xj in feet 

Xj - Xg in feet 

Maximum cloud width at 
chosen contour 


a 

YICS 

Maximum 



chosen c 

T 

V 

YS 

Y 

y 


s 


YY 

Y 

*1' ’^2' ^3' ^ 4 ' ^5» 

YDS 

Y® 

Xg, X^, Xg, X^ 

Y8 


1 , 2 •• 

Yq. Yq(v 


Y815 

YgdS) 

Z. 

3 , U ** 

ZS 

5 , 7 ** 


s 


ZO 

Z 

0 
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T&tle III (coatlnued) 


LIST OP SYMBOLS 
Continued 


Notation of 
computer 
program 


Notation due 
primarily to 
Miller 


Notation of 
computer 
program 


Z 99 WniDVEL 0 CmMFH 2992 fIEIX>KT 


Notation due 
primarily"- to 
Miller 


W 


* The slope and intercept, respectively, for a seml-logarlthnlc line 
through the two points whose coordinates are given. 

** TTio davnwlnd distance (for the chosen Intensity) to the fallout pattern 
between the points Indicated. 








TABLE ZV 

Data Table for Ionization Rate Conto'or Progran 


for 

rt 


KISl 

(a/b)2 

1 

0.486 

0.262 

In a/r^ 
a 

2 

1.070 

0.096 

In A 

3 

3.389 

0.431 

R 

s 

4 

2.319 

0.333 

H 

5 

3.820 

0.445 


6 

4.226 

0.164 

^3 

7 

.0.509 

0.076 

In a 

0 

6 

2.800 

0.348 

X. 

9 

3 .308 

0.496 

1 

10 

3.564 

0.319 


11 

-0.054 

0.095 

X, 

12 

3.850 

0.481 

6 

X 3 

4.255 

0.200 


14 

3 .86e 

0.586 

T 

15 

4.268 

C.305 

Xo 

16 

4.005 

0.596 

8 

17 

4.410 

0.315 

x„ 

10 

5.190 

0.319 

9 

19 

5.202 

0.311 

< 

20 

3.223 

0.400 


for 

V 

A* 



a 

23 

1.371 

- 0.124 

9 

24 

0.960 

0.146 

X4 

25 

0.270 

0.089 


26 

.0.176 

0.022 

<*6 

27 

0.030 

0.036 


28 

0.043 

0.141 

“8 

29 

0.185 

0.151 

Kjr 

30 

.3.286 

.0.296 


31 

- 2.089 

.0.572 


32 

-3.185 

- 0 . 4 o 6 


33 



K,1 

34 

-1.134 

.0.074 

6 a 

35 

-1.225 

- 0.022 

kJ . 

36 

.0.989 

.0.037 

ra 

37 

-1.079 

- 0.020 

Vc 

:a 

-2c166 

- 0.552 

*/h 

39 

- 0.431 

- 0.014 

40 

- 0.837 

0.267 

ir 

41 

i 

0 

- 0.404 

*^12 

42 

-2,600 

-.337 


X 21 3.6UU oMl 

5 22 U.049 0.186 


a.^di 
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variable, tor example H (hei^t of cloud), the prograa deteralnes vhleh 
fomula should be used, equatloo for U appears oa lice 06l3 of the 
contour program. 

The following chain Is then started 
a - FF (5 ♦ p, w) line 06 l 3 

FF(N, U) - EXP{lfT(}l, W)) line OhjU 


LFF(K, m) - 2.3025851 L(n) * Ul ‘ M(n) line 0U67 


The program then finds for W $ 28 KT that F ■ 0 since 
V greeter 28 Is false and F Is a Boolean variable. Iherefore for K • 5, 
one finds In the Table r/ tlvat L(5) 3*820 and M(5) « 0.4i>5. Bie 

complete equation of H for W ^ 28 KT le 

H • exp((2.30e585l)C3.820) ♦ log^W • 0.445J , 

log^H - (2.3025851)(3.^0) ♦ log^W • O.W*5 , 

or 

logj^^H • 3*820 + 0.445 log^^V. 


The variation of 3^ and with wind speed depends on the wind iDodlfled 
parameter cr _ (lines 0713» 0717)* The equations for X. end X. are then 


^ - 


2.303 log^Ij 


*^.,2 


VWtf • 

(1 ♦ 9.273 X io*\yy) 


( 5 ?) 

{59a) 

(59b) 

(60) 


(61) 
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or 


a (a 2 - 1900) 

•• ^ o 

“a ♦ 0.026’ 


(6La) 


for 11 mpH vcloeltv. 

aV equation- Tor the 4lstar.ces throtujh (llr.e 0995) are 


given hy 


The 


For 1 - 6, 7, 8 an-l 9 

- 6 .C 0 X a^, W - 1 to 28 KT 

- 1.66 X loV*^^ tf - 28 to 10^ KT 

atove e I'atlcns el^o ‘■.old for X^ when le greater than aA. When 


13 Ic-ee Wuu* or eq-^-U to a/h, then la detemined by 


(&) 

(62a) 


X 5 - 6 .C^ X 10 -V-'*^ 53 . .i .,0 X loV-3^ ^ of; W - 1 to 28 KT ( 63 ) 


or 


N - i.«iO X loV-^V 3 .o 6 w°-^^ > ; w-ao to lo^ xt (63a) 

the intcr-fltles 1 ^^, and arc Get equal to XTiSJh * 

The equn'lO'u. for «id ore on llnec 0951 through O96I. I3 Is 

detennlned “ 3e=l-lcr^rlthole line between (X^, I.^) and (X^, I^) 

with the V'4-*e or X3 a= prevloucly enlculnted. 

Al ter thro-.<r. X^ .and their corresponding Intcncltlca have been 
.. ^ rii.i'li can then tc drnvn of the Ir.tenclly profllco or elevations. 

i OUDC* y P • • 

. . . r 1 W 1(1) u.-at.-.-.t distance X for a 10 CT weapon lo given In 

A plot or I'‘r 1^0 X' * 

Plgare Inlcr-cctlon (Jown-.^lnd distance X) 

of the ellipses vlth Y - 0 can be read off the graph. 
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la the computer program semilog equations were found for the 
Intensity vs. Distance curve so that any pre-selected Intensity contour 
Intervals were included la the computer printout. 

Hext, to find the lateral locations or vldth of the contour 
patterns for the stem, the half uldth Yg for the stem fallout Is needed. 

Yg Is defined as the lateral distance from the center-line of the steo 
pattern to the Ir/hr at 1 hr (for 15 mph wind) contour (lines 12 l 6 - 1220 ). 

A seal logarithmic line from (l^ Y ■ O) to ( 1 , Yg) la then calculated 
on line 13 i 5 ' Using this equation the lateral displacement of any Intensity 
contour of the stem can 'be found.. 

Ihe maximum pattern half width for the cloud, Yg, is the naximua 
distance from Y - 0 to the Ir/hr at 1 hr contour when the wind velocity 
is 15 mph. The calculation of Yg with its variation due to wind speed 
occurs on lines IO5W to 1098 . 

To find the lateral displacements of the contour locations 
between {X^O) and (Xg, Yg) a semilogarlthlc line from (ij, X ■ O) to 
(I, D - 7 Yg^ ♦ calculated. In lines I236 through I3U7 

the X ♦ Y and foci are then found for the ellipses. Using the information 
lu the computer printout on ioniration rate contour map can 'be drawn. 

(/igure 6). 

B. Fractionation Humbers 
1 . First period of condcncatloa 

For a ground surface burst, the ratio of the total moles of 
liquid carrier to the molar volume n(^)/V is computed by Equations (32) and 
(33) with y - 10 wr or 10,000 XT, and T - l 673 °K. They yield 
t ■ 53 sec 

ln(I)/vlRT - 3.25 X 10 ’^ atm. 








xC 

















For a xypical elenent Sr-89, the procetii^'v of flndlrg Its fractionation 
number of flrit period of condensation given tolaw: 

E'.'cay chain of Sr-89t 

88._»^:<r-*“Rb—i»*Sr 

Sc.>-3r -- 



Here a neutron-ersittor If Involved. Lut the Bolles and SnlLou 
data have already IncL-juied this effect, hence no alteration needs to be put 
on the number of etomc N(A, t> In their vo.-k. Moreover, the vnlueo calculated 
by them according to Clecdenln theory generally considered to be more 
reliable and also used In the following calculetlons. 


Se 

Sr 

Kr 

Eb 

Sr 

‘o-»j ^ 

1.04 


0.60> 

4.61 X 10" 


32.00 


18.62 

1.4l8 X 10*^^ 

N.A, t) 

0.21 

j09 

94 

3 

C-'A, t) 

0.21 

309.21 

403.21 

406.2l 

l>Kj 

6.36J X 10’^ 

0 

4.791 

3 

r NiAa-Ll 

^ 1 ♦ k 

6.36J X 10'^ 

(2) 6363 

4.79? 

7.797 

r \S 9 ) 

0 

0.0303 

0 

0.0119 

0.01919 


*^oto: data un.l<;t<'d, ui.ually n'-gllglble 


Ih*^ r \09) for I'r, Kr, Pb up, the by-product.,, 
o 

ritcor l period of coni-.r.iT.tlo:. 

The frtctlonstlon mtT.L'.t of u'cc.'-.d p^rlol of condencntlon r^ lA, t) 
J.>{y:nde very ra.ich or. the time oni the eUmentu Involved in the decay chain. 


62 


Uben the tlae le buall, the eubllmatlon presmres of most 

P.V 


elements are ctill quite significant, and the values of are uaually 
greater than those of 0.^3 EW?. In the eecond period of condensation 

4} 

a portion of each auch element remains In the vapor phase, therefore. 
In computing, the ratio of these two values should be set equal to imlty. 
As time increases, the sublimation pressures of all elements except the 
rare gases and As and Se, decrease sharply and soon become negligible. 
Therefore, the second period fractionation number for a mass chain not 
involving the rare gases and As and Se will be grestl>* simpllfledi 


r; (A, t) 


1 - r^(A» t). 




Four typical examples are given belovi 

(a) 10 HT ground surface burst, 60 sec after burst, Kr (03)< 

decay chaini 

fSe. 


Ce-»«Ae 




Br-*-Kr 


This Involves a split chain, but the Bolles and Ballou data also have 
taken this effect Into account. 



Ce 

Aa 


^^2 

Br 

Xr 

r^( 63 ) 

— 

0 

0 

0 

0.0066 

0.0066 


— 

1 

1 

1 

0 . 993 ^ 

0.993k 

N(83.6 o) 

— 

0,13 

21.00 

16.00 

12.30 

Q 

04 

— 

0.13 

21.93 

16.93 

51.03 

51.03 

K®.(l-r^)H 

— 

0.13 

21.00 

16.00 

12.20 

0 



. 63 . 


23« - 

0.13 

21.93 

16.93 

50.93 

50.95 

(2)8216 

(9)3578 

3^.53 

3^.53 

0.2086 


Q.ijmF * ^ 

7.U 

7.*H 

7.U1 

7.*‘1 

7.U1 

ZN" __ 

£» 

1 

1 

1 

0.9980 

0.9980 

r;(83) - 

0 

0 

0 

0* 

0 

* Note: r^(A, t) can not be a negative value. 

hence the 

smallest Is 

zero. 


(b) 10 MT ground curfae« burst, 1 A 7 min after burtt,Sr(t)(90). 

Decay chain: 



Br-—Kr- 

Br 

Kr 

—sr--Y 

Rb 

Sr 

•/ 

r^(90) 

— 

0 

0.036 

0.1378 

0.1378 


— 

1 

0.9^ 

0.8622 

0.8622 

n(90,88) 

— 

67 

338 

106 

0 


— 

67 

I05 

5U 

511 


— 

67 

325.8 

91.4 

0 

HI" 

— 

67 

392.8 

392.8 

392.6 


('*)305O 

no 

(6)4338 

0 

0 

y ^^3 

0.23WRf * 

l.9« 

1.98 

1.92 

1.92 

1.92 

C<" 

ZH 

— 

1 

0.9698 

0.7686 

0.7686 

r;(90} 

— 

0 

0 

0.0936 

0.0936 



(e.) 10 ^f^ gro-ond surface bu 


^0^75) 

l-r 

o 

:<(75,88) 

.N®-{1 t^)K 

oTmn * 

V • 

J 

Vp NO 

V 

r^(75) 


rst, I.U7 min after i>urct^Ce(75), 
t^cay chair,. 

Ou ■' ■■ ^n~' ^Ga" ~ *** 


Cu 

Zn 

Ca 

Ce 


1 

1 

0.6716 

— 

0 

0 

0.3284 

— 

( 3)12 

0.01*59 

0.0536 

— 

(3)12 

0 . 0 lt 60 

0.0996 


0 

0 

0.0176 

““ 

0 

0 

(11)2208 

1.92 

1-92 

1.92 

1.92 




(3)4263 

— 

0 

0 

0.0018 

— 

0 

0 

0.3266 


r.'otc; In computing Yy the individual maan number dependent convcrclon 
Joctor QvA) for .^^38 ^ multipUed to each radionuclide. 

“J " t). a(A) con be calculated from Table I 


(d.) 10 HI ground surface burst, 6,77 min after burst, Sr(89).Decay chain 
was theua in Section (a.) 


Br 

Kr 

Rb 

Sr 

0.0303 

0 

0.0119 

0.0192 

0.9697 

1 

0.9881 

0.9808 












N(89,M)6) 

— 

=■ 

8b 

267 

56 

SI 

— 

=- 

8b 

351 

b07 


— 

- 

8b 



ZH* 



8b 

8b 

6b 




CO 

0 

0 

sr EX 



1 

0.2393 

O.'OO* 

t(S9) 



0 

0.7b86 

0.760b 


3. Orotw Fractionation Number 

“Die gross fractional 1 oh hunber, or is defined ty Ejuatlsn (’*?). 
l^e two Ionization rates, Vp form'Jla ere defined ty 

Equations (**5) and (^^6) respect I V*?)-y« The computations are straightforward, 
thou^ tedious, ODca the values uf fractionation numbers, disictegratloxi 
multipliers and activities arc hhOwn. The variations in the ionization rates 
of normal fission products wIUj or simply the decay of nonaU. fls- 

producta, for U-235, \}-Z}Q arvl l u=>-‘3I? have been calculated and are tab. . • 

in Table V, Prom this tabic, tie.* normal ionization rate of ■iJ-238 at H ♦ 1 
hour can be interpolated and obthlncd as 

lj.p(l) • 6.973 X 10'^^ (r/hr at 1 hr) / (fission/cq. ft.) ^65) 

For a 10 KT surface burst, the tuii'Unsed ionization rate/; for four different 
fireball rising times have bctii »:i»"'p'-*tcd and are listed with the values of 
gross fractionation numbers cwip j* id ] rom them: 

t 1 '(1) r (t' 

’M’ " 

^,'i08 X 10‘^3 0.388 


53 sec 







60 sec 

3.255 X 10'^^ 

0.467 

l.U? nla 

3.873 X 10*^^ 

0.554 

2.15 nln 

5.0P9 X 10'^^ 

0-721 

(ilace the fireball riclrr 

'.iae, t. Is related to 

the particle 


ifteter, or, \rj Equatlos al^o a function of d, fooetlmee 

denoted u 

Actlvlty-Coacfcatrvilai tr.tenalty Ratio 

Vlth £qi-atluai '-i-rj fer4 (**8), the activity concootretlon Intensity 
lutlo for any Isotope et my dtr^nwlnd location caui be readily computed. The 
ynlues of the ratio for ilr biologically Important Isotopee In a 10 MP 
^•urface burst are ceacCi-t-rf &rA shown In Table VI, 
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TABLE T 


Decay of fforaal Ftaalon Products from U.235 j 0-239 and 
( r/hr at 3 ft above an Infinite plane for 10^il S3 ions tvr sqT ft. ^ 


Age _ _ U.23S U-238 _ Pu“239 


Years 

Days 

Hours 

Thenaal 

Fission 

(8 Mev) 

Thermal 1 

Plssloa 



0.763 


( 8 ) 

(*) 
9977V / 

(8)9960 

(8) 

9329 

(8)8907 

(8)8750 



1.12 


(8) 

6648 

(8 

6632 

(8 

6172 

( 8)5366 

(8)5761 



1.64 


(8) 

4149 

(8) 

4153 

(8) 

3827 

( 3)3598 

(8)3537 



2.40 


(8) 

2453 

8 

2484 

(8 

2256 

( 3)2071 

<8)2065 



3.52 


(8 

1410 

(0 

11450 

(8) 

1303 

(3)1166 

(8)1196 



5.16 


(9)8079 

( 9 ) 

i 84 l 8 

(9) 

7582 

( 9)6642 

(9)7098 



7.56 


( 9 ) 

4786 

( 9)5014 

( 9 ) 

4587 

(9)3986 

(9)4398 



11.1 


( 9 ) 

2964 

(9)3094 

(9 

2897 

(9)2555 

(9)2821 



l6.2 


( 9 ) 

1804 

( 9 ) 

11869 

(9 

11792 

(9)1626 

(9)1761 



23.8 

(10 

9716 

(9 

11094 

(9 

11073 

(9)1010 

(S'1063 


I.U5 

34.8 

(10) 

!6305 (10 

16428 (10 

16393 (10)6235 (10)6360 


2 .L 3 

51.1 

(lOj 

13730 (10)3786 (10) 

[3817 (10)5869 (10)3811 


3 . 12 ^ 

74.9 

(10) 

[2276 { 

:iO )2319 ( 


12365 (10)2470 (10)2362 


U.57 


(10 

il 483 ( 

,10)1524 


[I556 { 

10 ) 161*5 ( 10)1546 


6.70 


(11 

19986 ( 

: 10)1031 ( 

!io 

>1039 ( 

10)1099 (I 0 )l 021 


9.82 


(iii 

16774 ( 

:ii)6972 ( 

ill 

16899 ( 

,11)7244 (11)6655 


iU.U 


(11) 

[4490 ( 

; 11)4587 ( 

ill 

14462 ( 

11)4650 ( 

11)4226 


21.1 


(11 

12910 ( 

'll' 

>2940 [ 

Ill! 

12845 (11)2953 ( 

11)2660 


30.9 


( 

;ii) 

11813 ( 11)1007 { 

in) 

11762 ( 11)1837 ( 

11)1645 


^ 5.3 


( 


(1061 (11)1039 ( 

111 

(1034 (11)1098 ( 

12)9777 


66.4 



12 

I6055 (12)5007 ( 

12 

15910 (12)6360 ( 12)5728 


97.3 



:i2 

I3676 (12! 

/3497 ( 


13559 (12)3396 ( 

12)3543 


143 



[12 

>2170 ( 

12)2090 1 

12 

>2079 

12 2320 

12)2200 


2 O 0 



[12: 

)ll^ 1 

[12, 

)U 64 ( 

[12! 

>1133 

[12)1287 ( 

12)1100 


301 



[13; 

>4874 1 

[13)4790 ( 

[I 3 i 

>4733 

13)5707 ( 

13)5170 

1.2 

438 



[13, 

1399 [ 

13)1373 < 

13 , 

1525 

13)2135 ( 

, 13)1864 

• .76 

650 




3884 1 

14)3758 1 

!*♦ 

5517 

14)9083 ( 

; 14>7690 

2.60 





)2031 1 

14 

)1975 1 

1** 

3160 

14)4964 ( 

, 14)4358 

3.60 





1444 1 

I 4 )l 432 1 

14 

2213 

14)2692 

,14)2594 

5.58 




[l 4 

)1154 1 

(l 4 

)1158 1 

( 14 , 

)i 603 

[i 4 )i 442 ( 

!i 4 )i 6 u 

8.18 




(14 

)1026 

(14 

)1021 1 

(14 

) 129 I 

[ 15)9971 ( 14)1225 

12.0 




^5 

)9432 

(15 

) 9 e 93 ' 

(14 

)i 094 

1 ? 3452 { 

[ 14)1057 

17.6 




15 

)8310 

(15 

)8211 

15 

)9164 

(15)7377 ( 

[15)9160 

25.7 




(15 

)7183 

(15 

)6987 

(15 

)7431 ' 

(15)6219 ( 

[15)7668 


Numbero In parentheoee indicate the number of zeroo betvrcn t..e decimal point 
and the first significant figiire. 
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D* Particle Size DtstrtbuttOB 

^erc l3 almost no data available on particle size distribution# 
nor has rigorous theoretical approach been made. However, using the scaling 
functions of the previously discussed simplified fallout model, estimates 
cm be made of the particle size groups that fall at ai\y downwind location. 

Given the fall velocity and the initial altitude, the size of 
spherical particles falling through a standard atmosphere can be found 
in cur/es prepared by D. E. Clark.At any dowivwlnd distance X the 
first infomation needed is the maximum and mlmlmua a size for the partiele 

groups arriving at that location. Because the formulae for a and a . 

VAX mn 

depend on whether the a group descends from the stem or the cloud, It woe 
decided that the X>coordinate intersection of the logarithmic line connecting 
(Xj, Ij) to (Xj^, Ij^) (point 3 to point U In Figure h) with the logarithmic 
line from (Xj, Ij) to (Xg, Ig) - extended If necessary - would be the 
division mark. For any downwind distance lees than this Intersection X 
coordinate, the source of the particle group Is assumed to be the stem. 

Then and for the stem may be solved by graphical methods or 
by the following computer approach. Essentially a nevton^Haphson Iterative 
proccd'ure is perfomod on the following function to find separately 
and a 

max min 


f(Q) 


2 . 303(0 ♦ 


a(Z^a.V, 

log (X - -g-::—J + log a^ 


a ♦ 




( 66 ) 


where 


k^ is the exponential constont for the fireball major axis exj/trislon. 
Is a yield depcrwlcnt multiplier. 
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kj is ao empirical Inveroo time constant, O.OLL aec’^, 
la the vlnd velocity, usually assigned to be 10 mph, 
p Is the cotatan*. In the enptrlcaX fottaulA of ®*95 whea 

Z • 5,C00 to 50,000 ft., d > 200 to 1,200 microns, 

q Is the constant in the empirical formula of V^/v^, 1.02 x 10*^ 
when Z • 5,0C0 to 50,000 ft., d - 200 to 1,200 microns, and 
a^ Is the uajor cenl-oxia of the fireball at ground zero. 

The iterative procedure la 


or,. ■ Initial cattoate 

0 

( 67 ) 

•Vn • S- ««,> 

(68) 




If the sequence of a* a approach a Unit, then this ct Is such that t{ci) i Oj 

or a la approximately equal to a or a , depending on the sign of the 

rcLftx nu 

nuiia>er enclosed In the absolute value symbol of Equation ( 56 ). 

When the dovtPflnd dlttance J» greater than or cquil to the X 
Intersection coordinate. It Is assumed that the fallout originates from 
the cloud. For particle groups falling within the cloud area at any (X, Y) 
location, the Buudmun and mlnlnum Of values can be calculated byt 

a . • rV>^) » - y^) 

• .t‘u- yW) 

where Y Is translated to y by Equation ( 57 ). 

For any Ot value, the fall.rate Is given ~ . The height of fall 

for the stem fallout la 

<=«.° ■ v> 

—^Tv;,— 


Z m 


( 70 ) 





For the porr.lcie groups that orlgloate from the cloud the maxlmun and 
mlnliBUB height of fall Is given by 



Using this lnfor=£.*.lon calculated In the particle size partuiwter program. 
Figure 7, and a zet of curves prepared by D. E. Clark, see Figure 8, the 
approximate particle size distribution at (x, 7) can be estimated. 

For a 10 MT detonation, and for various downwind distances the 

maximum and nlnlrr-a aj the falling velocity, V^; the Initial altitude Z 

and particle dlaaeter u are given In Table VII. 

f ISV 

Recent vork by Clirk and Cobbln' ' is closely related to the 
subject of this repo;*t. These authors ur-ed the same fallout model as 
described herein for the calculation of particle size and radiation 
Intensity at varying dlstaacee from ground zero. The results obtained 
are In good ngree=*nt with those herewith reported for weapons of similar 
yleU. 
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Figure 7* Computer Program for P«r«-'/«i» Paranetera 
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Table VII 

partlsle Slxe Distribution at Various Downwind Distances for 5 OT V^apon Yield 
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IV. niPUCHD RADIOACnVIIY EC SOIia 

Elements can be eaJe radl(>aetlve by the action of thermal neutrons 
which excite the stable atoa making it unstable and radioactive. Ac thomal 
neutrons arc liberated in a nucl' ar explosion, there will be so, tic Induced 
mdloactlvlty In the soli around the detonation site. A small portion of 
thlo coll will be taken up Into th>; fireball of the bomb (for a ground burst 
or near ground burst) and become part of the total fallout. 

A. V. Klsment^^^^ In his report coneemlng the potential radionuclides 
produced In weapons detonations, llcts the activities of the various nuclides 

26 

that arc Induced In the soil. A total of 10 neutrons per KT was accioaed to 

27 

be liberated, which agrees within a factor of 15 with that of 1.5 x 10 ' 

(l**) 

noutrona per KT calculated from Classtone . The coeipoultlon of the soil 
fo.it wao used for those calculations is given In Table VIII. 

Figure 9 gives the decay of the Induced radioactivity In coil. Eie 
data wo# obtained by taking the contributions of the various nuclides given 
In Table IX and sursnlng then for the various times after detonation up to one 
year. 

Figure 10 , "Integrated Ileutron Fl'ux as a Function of the Slont 

Range In Air of O .9 3co»!<evel Dcnnlty for a l>KllotOD Exploclon" chows the 

neutron flux vorouo distance for a I ICP bomb, Ibece cun’cs, as given by 

Classtone^were Integrated ovf-r or area with a 2,500 yard radius and 

were used to correlate Klencnt’o val’ues. 

Senftle and Char.plon^^ give a detailed dlccu;i ton concerning 

Induced rudloaetlvlty• A method for calculating the Induced radioactivity 

Involving tables and formulas la alto given. This method was Uwcd to prepare 

> 13 ) 

the data in Table X In order to correlate the data given by Klcnent' 


and sho'-'n In Table IX. 
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TABL« IX 


Radioactivity In Solla (I-Ic/MT) 


VucUd* 



0 

1 hr 

1 day 

1 month 

1 year 

na2'‘ 

1620 

1430 

542 

a 

a 


584 

7.05 

a 



Al^® 

83,670 

15.9 

a 




991 

773 

1.78 

a 


i>32 

1.21 

1.21 

1.15 

0.276 

a 







K 

a 






204.5 

194 

50.0 

a 



0,300 

0.300 

0.300 

0.263 

0.057 


1100 

135 

a 



n5^ 

156 

0.0015 

a 



Iln56 

2122 

1655 

3.82 

a 


Fe55 

0,110 

0.110 

0.110 

0.104 

0.087 


0,014 

0.014 

0.014 

0.0095 

0.00006 

a « leas 

than one curie per megaton 





The foraulA for the radioactivity Ind'aced lu any element as given 
by Sonftle eojd Champion^ laj 

A, - (o nn»)(l - t/Tj^^.O.€93 ©/T) (-jz) 

V 


where 


activity, In dlalntegratlons per cccond, after the nuclide 
has been removed from the flux for a period © 
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SLANT RANGE TROU EXPLOSION (YARDS) 

71i£ure 10. Integrated neutron Flux as a Functloo of the Slant Range In Air 
Of 0.9 Sea-Level Density for a l«Kllcton BxpLosloo 
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As a cpcelal case, vhere t Is knovn to te le*3 than 153^ oi' T, 

£ further slspllfled foraroli was used. 

. a: ^2^2) (.-»•«« •/’•) (75, 

Values used for octalned ty Senftle and Champion^are listed 

below; 


J-4l, 

Na 

. 1.59 X 

Ca 

- 1.73 X 10® 


- 1.3 X ir 

ca'*9 

. 2.54 X lo”^ 

Al^® 

• 4.79 X ijp 

Tl^*’ 

- 9.01 X 10^ 

Sl2^ 

- 6.74 X 


- 1.59 X 10^ 


. 3.69 X 

Fe55 

• 4 . 56 X 10® 


• i.oe X iO ^ 

Pe59 

- 2.26 X lo”^ 


In calculating the tata of Table X , a neutron flux of 0.91 x 10^^ 
nuutrons/sq ee per megaton via assumed. The total weight of the soil Involved 
was taken ne 5.9<? x 10^ grst-. Ibis value was calculated using a 2^00 yd 
rtidius, a l«ft depth, an averafo density of l,l3 pu/ou cm, and with a soil 
composition as that given ic "able VIH. The Irradiation time (t) woo taken 
03 one minute. 

The data presentee la Table X agree rcaconubV veil with the 
data proscated by Klement la Table IX. This ogreonicat Is within an expected 
factor of 15 ss the neutron flux used was a factor of 15 higher than that 
assumed by Klecent. 

^'^in3ovllle^^^^ sta'.'s that the rodlosctlvlty of the fission products 
from ti '.ucler.r CNplo..Ion oversbaloeo the Induced radioactivity by a factor of 
approxlmatelj' 10^. P-*en tho.^a this tends to rake the contribution of the 
induced mdloactlvlty niacst a^gllglble there are conditions under which the 



induced radioactivity night play a detectable part. The Induced nuclides 
that form soluble salts will be readily dissolved In both surface and 
ground water and therefore will add to the contamlnatloa of the water 

supply. 

It has been generally recognized that the activating neutrons 
will penetrate the roll before the blast wave arrives. Sotr.e of the 
activated coll will then be tahen up into the cloud due to the cratering 
effect and thereby becomes part of the total fallout. According to 
Dr. c. r. Miller the Induced activity in the coll will be about 
0.019 (1-9 per cent) of the Ionization rate due to normal fission (lj.p(t)) 
This fraction (fill be a small percentage of the total Ionization rate. 
%l8 estimate of the induced activity is applicable for a lOOjt fission 
yield, assuming 0.8 neutron capture per flcslon from U-238, rc-gardleoa 
of wcapoD size. 

It haa also become cstablichcd that the Induced activity will 
predomioate for a total fusion bomb. Por a ‘Ojt fusion and flcslon 
bosAi, tbe induced activity will be relatively small, except for a short 
period iHcJiately after detonation. Hawever, activated sodium and 
mn^teolum may contribute materially at a later tlne^^^^. 

It is therefore concluded that the contribution of Induced 
mdloactlTity to the contamination of water supplies will not be slgnl- 


fleant. 
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V. TRA:fSPCKr OF FALLOUT PARnCLES BY SURFACE WATER 

Transport of the Insoluble portion of fallout may be divided 
Into four generol phases: transport In air, transport In overland flow, 
transpoit In stream flo-v and transport In reservoirs. Eiich of the four 
phases may be treated as a separate topic. Of the latter three, only 
transport by stream flov nas been considered in any detail) overland 
transport and reservoir transport are mentioned only briefly. Transport 
In air Is discussed In Section II of this report. 

There arc three major limitations on any streum-flov transport 
analysis. These arc; (l) the complex nature of sediment behavior In 
streams; ( 2 ) the paucity of data concerning fallout, espcclnlly dnta 
concerning particle size distribution or the lelatlon of rndloactlvlty 
to particle size; and { 3 ) the obvious impossibility of obtaining otream- 
flow data for every reach of stream. These limitations precluded an 
analysis of the quantity of sediment resulting from the fallout of a 
given burst, although work on the quantity ol’ follout Is now being done. 
It could not be detennined that a certain velght of sediment would fall 
on Q water surface or what the particle slue distribution would be. 

Computations arc available, ho-cver, from G lass tone ^ ^ and 

the OCD fallout model which gives certain relationships between particle 
sizes, downwind ulctance carried, and total activity. 

Glasstonc chows that 99 per cent of the total activity of 
fallout Is carried by particles of ItOO nlcjons or loss In diameter. 

This relation of particle size to total aclJvlty vaa derived from 
Figure 9"187 of Classtonc’s book^^^^ and Ic chawn as Figure 11 of thlo 
report. The method contained in this section Is based on thlo relation¬ 
ship. 



^ 6 . 


Particles of hCO aicron dlaneter are on the order of megnltude 
of normal stream sediment* This means that the particles carrying 
essentially all the activity wlJO. remain In suspension, or at least 
vlll net settle out Immediately. It follo-vs that meet of the fallout 
particles vhlch land on the water surface or find thc-lr vuy Into the 
stream from overland trar.cport vlll te carried by the stream and vlll 
present a hazard at some distance downstream. 

A relationship of particle size versus downwind distance 
curried WES computed In Section II of this report. (Table VIl). Data 
from that table has been plotted in this section as Figure 12* 

Ttie following general assumptions were nadej 

(1) Uptake by biological organisms la negligible. 

(2) The stream chemistry is not such as tc dissolve ordinarily 
insoluble particles* 

(3) Effect of flocculation on nettling rates Is negligible. 

(4) Weapon size (SOT), wind speed (I5mph), ar1 fallout pattern 
are used to correspond with other cectlons of this report. 

(5) ‘ Radioactivity of particles over 500 microns may be Ignored. 

Further assumptions are made and discussed In the text. Some 

of these assumptions depend ou the nature of n specific etrcoAi some 
require further Investigation, and come which are considered negligible 
In an p.ijproxlraate analysis may occumc a proportionally greater Importance 
In a more detailed computation. 

Aa estimate must be made of stream width, volume, and surface 
area. Tl.ls cjay te done by eq-uatlng the crosc-ccctlonal area of the 
.itrenm (at a gaging station) to a rectangle of equivalent area whose length 


CUMLATlVf ««£»«*« or TOTM. ACTlVITt 
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MRTiaC DIAMniH. MCIION} 

Figure ll. Total Activity Percentage in Relation to Particle Diameter 
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Is equal to the streas width. Ihla Is ehovn In Figure 13. T^e length 
Of the stream between any two sections Ic considered to be a straight 
line equal to the distance along the streae channel between the two 
sections. Each section of the stream nay then be considered to be a 
truncated pyramid lying on Its side with Its bases the equivalent rec¬ 
tangles. (Or for the section containing the source, a complete pyramid, 

since the source Is considered to ke a point.) Concentrations nay be 

(lO) 

found using the volume of the pyramids.' ' 

Intensity (roentgen/hour) contours for a given burst arc suptcr- 
Imposcd on the watershed. Wie Intensities may then be converted to nctlvltleo 
(atoias/sq. ft.) for Insoluble (and soluble) portions of the various Isotopes 
under conalderatloo by use of Table VI. Details of this method are 
discussed on page 95 through pn^e 98 of this report. 

If fallout landing on the water surface Is acoumed to mix uniformly 
within the reach of channel enclosed by a given contour, on activity con¬ 
centration may be computed using the Idealized channel shape. This concot- 
tratlon will move dowaatrean oa a unit, and the time of arrival and time of 
lapse of this concentration mny be found at a point downotreoa by concldeilr.g 
the particles to Doive at aeon otreaa velocity. 

By plotting the various concentrations from unlto under given 
Intensity contours as ordinate against tine as abcisco, a cerloa of horizontal 
bars Is obtained. These may be averaged graphically to obtain a time- 
concentration curve for the otrenn. trote that concent rfil Ion Is exprtc.'.ed 
as activity rather than particle concentration. 

By use of Figure 13 a mxlaua portlclc dIzc at o given point 
downwind from the blast may be fo’ond. The rAXlnum size particle landing 
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on the stream reach under consideration l3 compared to the maximum particle 
size vhlch the stream will carry In suspension. If the maximum site particle 
la carried then It'la to he assumed that smaller particles will also he 
carried, euid the method remains valid. 

If the stream will not carry the maximum size particle, then 
some percentage of the activity must he regarded as going Into hod load, 
which travels at a much slower rate. The only -way now available to find 
the proportion of activity which would go Into hed load Is hy assuming 
that If particles of a given size are found to settle, that all particles 
of this size or larger will settle out, and all smaller particles restaln 
In suspension. The relationship of particle size to activity given hy 
Glasstone^^**^ may then he used to find what percentage of the totol activity 
would settle out with the larger particles, 

Ihe ability of a stream to carry particles of a given size or 
smaller Is best defined hy what may he termed the effective carrying 
velocity of the stream, l.e. that velocity below which settling of particles 
of a given size is most likely to occur. The effective carrying velocity 
is obviously not related to the Idealized stream channel used to compute 
concentrations, hut Is rather a function of both channel characteristics 
(act'jal channel width and depth) and flow, as well as particle size and 
sediment distribution. Stream flo-^ data, no matter how accurate or com¬ 
prehensive, cannot cover every mile of channel. Conditions which will 
produce the greatest possibility of settling must therefore he goneredlza- 
tlons of what is kno-wn of the nature of on individual stream. 

rai^lclc size Jlstiibutlon in air Is, unfortunately, not known, 
except for maxlmam and mlnlroam distance which a particle of given size will 
travel. There Is no vay at present to compute the n'ornber of particles 





per uslt are% landing on the watershed. Sedlr.ent cor.centratlono caimot, 
therefore, be conputed. This la the reason for cocop-tlng concentration 
In tenta' of activity. Additional falJiout data, particularly on particle 
di.'.trlb'jtlor., and additional study or. 6edl.r.cnt concentrations are needed 
to support the assu.T.ptlons that the fallout partlelcc nix ^iniformly, 
that particles will go out of cu;p<'n.'lon according to size, and that 
partlcloo ttove dounstrean at mean otrean velocity. 

In order to approximate actual litrcara cor.iltlons, close r.crutlny 
of m.-.ps and oxleting stream-flow records will be req'ulrt-d. Large-scale 
topographical mans should, yield much Inforcatloa on channel conditions 
and stro'•a-bed slopes. 'Rie U. S. Geological Surveys and Corps of Erglncera 
publish or have on file not only gaglng-statloa records but much special 
mea,=!urement data. 

So analysis hos been made for transport resulting from overland 
•low. Fellout landing on the land portion of the watershed Is conoldci^d 
lets of an Immediate pi-oblen than that lending on the water surface, 
and will probably present no Immediate problem unless It la raining 
at time of fallout arrival, (in which case, incidentally, the fallout 
lU’.y be IntcnclVled.) Subsequent rain may produce a second activity 
peak at a water Intake by wfiohlng partlcleo Into the .'■•tream. It la of 
InteiX'Ct to note that at Co-.'cctn Hydrologic Laboratory It war. found that 
m'.jch of the runoff which wao formerly coucldercd to flow overland actually 
gc'.-.:. under the surface, or alternates between sub-zurfucc and above-surface 
fJ In work with i-udloactlvc tracers ot Goweeto, great dlfflcult.v was 
f eperlenccA In x’lndlrg a tracer which would lollow the water at the came 
Lpofl r.fl the water. Most of the Isotopes used at Coveeta tended to stay 
near U.e point wliere they were applied. Tneue studies were carried out 
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on steep slopes on which there was a higher percentage of surface runoff 
than on the sane soil at a lesser slope; however, the Isotopes used were 
not ahsorhed within partlclea.^^^ 

Partlelts which go Into ted load nay present a long term hazard 
because of the slower and more Irregular noveneat of bed load. A bed 
load analysis will be required If It Is found that large particles. In 
spite of their ^oocsslon of only a snail percentage of the total activity, 
are found to actually carry a dangerous asiount of activity. 'The smaller 
the particle size that Is found to settle, the nore significant becomes 
the bed load analysis. Note that euch a bed*load analysis complements 
assuaptlon 5 on page 86. 

Transport la reservoirs Is more likely to produce settling 
because reservoirs are more likely to approach quiescent conditions. 
Calculations will probably be simplified because the conditions of reser¬ 
voir transport more closely approaches the condition of settling in a 
quiescent basin than do the other phases of the transport problem. 

This method was presented not only because It is the one moat 
likely at present to produce usable results, but because It provides an 

outline of the problem of stream transport. Assumptions, questions as 
to their validity, and areas requiring further stwly have bcea pointed 
out. Computations hare not been Included because It is wished to ascer¬ 
tain the validity of some of the assumptions, and because sufficient 
study has not been made on specific streams. This treatment therefore 
constitutes only a good start; however, further study In the same manner 
should produce results of known validity. 
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71. EVAUJATICtr C? 37X:CIPAL WATEH SHTOt C(niAMIIimOB 
A. IntrodT^tlog 

An approeeh to tbt problem of water contarinstloc by radioactive 
falloot waa taken vhltf* would ^Ive a more reliable set of concentration 
val\iea than those calc-ilateJ previously. The values presented In Quarterly 
Technical Report Bo. 3 were aaxlnlzed. In that they represented a case In 
which the highest cotsettration, that could reasonably be expected at H ♦ 1 
hour from »iay kind of ttttci or envlronacnt, except for possibly a very high 
ncgatonnage attack. Poliovlz^ is presented a more detailed and realistic 
approach to the problea. The valuea herewith reported represent specific 
cases in which envirosoesttl and other factors have been considered, and 
It Is believed they sire at least of the sa'se order of iragnltude as would 
be expected following a nuclear attack. 

Only the cities of 33U3t<m, Texas and Bew fork were chosen for 
a full scale evaluation. Since the values calculated for these two water* 
sheds were In e.ooi correlatloe. It was felt that the results could probably 
be applied without serious error to the other cities previously considered. 
Excellent watershed data ves arallable oa both cities, thus facilitating 
the calculatlona corsIda rally. 

A physical Irtegrstloa was performed over the considered watersheds 
and reservoirs to give reallrtlc specific isotope concentrations at B e 1 
hour for variously directed 1; aph winds. As before, the cose of fallout 
contamination from that falling la the reservoir alone was considered as 
veil as the case of runoff c»,tanUnatlQa from the entire watershed. 

B. Calculations 

Since large scale zaps of both the Houston and Bew York vatersheda 
were available, transparent orerlay® were superimposed over the watershed 


See Appendix A 
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arets tr.d £.ypr:pric.te gTids scaled in. Thete tjrldo consisted of five mile 
i-tj'aarea for vatershed errrac, ar.d tvo mile cquarsa for the reseivolr areas 
vher lartje apply. ?l^-rc 14 tcowc the grid co the waterrhcd 

ie:vl :;2 hcu--r.oa. Itie gro.uid -'’ro of 2 . f- .'•r? ve.apon detonation located 
£0 85 to give a fi-llo'.t pati'.m vhlch fell on the vatershei for the 15 mph 
.nodel. Vr-.rlo-.^. vlnJ dlr'-C'-lono •-ore alno cUoliti ;o as to give aome 
b\.-ls for ccrparlcon and to acccan>, for poGslblo seasonal variation. It 
is ohvto':- from the geograj^v ■''* ‘‘C'' fork and !iou'<ton that the wind 
directions fres the east and north woold give rlco to a n-^gliglble axourt 
of fnllcrt over choir resp-sctlvs -jaterohede, so that these -Jlnd directions 
were omitted. 

•rho attacks that vere evaluated were as follows; 

Case la Ho-iston - Croord zero is do'-ntavn Mouaton ur.d the wind direction 
is from the &o\;th. 

Care Xb Vro’iston « Gro’ond zero Is downta.vn !!ouoton end the vlr.d direction 
Ic from the vest. 

Case IlH {.'e-v "fork - Cixjur.d zero Is Central Park and the wind direction 
is froa the south. 

Case lib ifev fork - Cro-ond zero Is 3ing.han^^ton, t.'ew York, ur.d the wind 
direction is from the vest. 

hVparato evaluations were made for each of thneo cases with respect 
to cor.Veilna-;Ion frsm tne reservoir and that from rusoff of the entire water- 
•s.'icJ. In the case of ’iouston, the cor.ce;;tratioi: of activity was calculated 
for sne ol the f-.ed str;oj-.- frs-. direct fallout coi.t.ianliiution for comparison 
purposea. 

For '-he reseivoir av.cy, the ^re-a of the r-rspoctlve rcser/oirs 
wlr.hlr each two mile grid wa? fo vnd by plauixeter. In th-j i-touston --atershed 









figure 14. Method of Graphical Integration Used for the San Jacinto 

Watershed Serving Houston, Texao 










there Is or.l^ or.e reser%'olr and ia the Neu York watershed all six reoer/olrs 
espty Into one so that the problen Is socewhat simplified if cooplete mlxlog 
Is assuised. The eeatrold of each selected grid area vm cstlcAtcd, and Its 
coordinates measured with respect to ground zero. An Intensity was then 
aspired to each set of coordinates^ and It was assumed to be constant over 
that specific area. The Intensity values were chosen according to whether 
the specified area was either covered by the uyvind or downwind cloud. 

Those values related to the upwind cloud were arrived at by intei-polatlon 
between previously estimated intensity contours, and those of the downwind 
cloud were arrived at by interpolation of computer calculated contours. 

To convert from the Intensity over each area to activity in 
atoms/sq ft In each area, the value of fro™ the fallout model, 

for each isotope considered, was taken as its value corresponding to the 
downwind distance X. By multiplying the appropriate value by 

the Intensity a/er each square, the concentration in atonc/sq ft is found 
for each area, 3y then multiplying etch atoo concentration by its cor¬ 
responding area, the total number of atoms in each square of the grid is 
found. The total number of atoms of each isotope at H 1 hour in the 
reservoir was then found by adding >jp the contributions fjom each square 
over the rescr/oir. By assuming that complete mixing has occurred, the 
concentration of activity in the reservoir In atoras/llter may be obtained 
by dividing by the total volume of water In the reservoir. Tlio concen¬ 
tration of each Isotope considered at H 1 hour, for the Houston and 
I'cv York ri-sei-volrs Is shown in Tables >:i and XT ' along with the equivalent 
activity in uc/al. 
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T&ble XI 

Aetlvl-.y Concentrations for Direct Cootaalngtlon 
of the HQUSt-.oo npiervolr 



Co-ith Wind 

Wc3t Wind 

Isotope 

Atocis/ll‘,er uc/ir.l 

Ato.Tis/lltcr uc/ml 

Sr-89 

**.6 X 10^ 1.9 X 10*5 

U.6 X 10'^ 1.9 X 10*5 

Sr-90 

10.9 X 10^ 2.3 X 10*'^ 

10.9 X 10^ 2.3 X 10'^ 

Ru.106 

5.1 X IC^ 3.0 X 10*^ 

5.1 X lo’^ 3.0 X 10'^ 

1-131 

9.fl X 10^ 2.7 X 10*^ 

9.8 X 10^ 2.7 X 10'** 

Cs.137 

5.3 X 10^ 1.1, X 10*^ 

5*3 X 10^ l.U X LO'^ 

Ba-l>tO 

13.7 X 10^ 2.3 X 10'^ 

13.7 X 10^ 2.3 X 10'^ 


Table XIf 

Aetlvlty Concentrations for Direct Contoalnatloa 
of the Hev York City ncaervolra 


■■ 

South Wind | 

West Wind 

Atons/i:‘..?r wc/ml 1 

Atoma/llter uc/al 

Sr.89 

2.9 X 10 ^° 1.2 X 10 "'* 

3.9 X 10 ^® 1.6 X 10 *^ 

Sr-90 

5.6 X 10^® 1.2 X 10'^ 

6.9 X 10^® 1,5 X 10“® 

Ru-106 

2.5 X lo’-® 1.5 X 10’5 

3.0 X 10^® 1.8 X 10*5 

1-131 

5.6 X 1.5 X 10'5 

6.8 X 10^° 1.9 X 10*5 

Cr .137 

3.7 X 10^° 7.3 X lO"'^ 

5.1 X 10 ^® 1,0 X 10 *^ 

Ba-lUo 

7.0 X IC^® 1.2 X 10*5 

8.iv X 10^*^ l.U X 10*5 
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Tte »«rt,lYlty eonctctra*,lona for the Rouoton reservoir (Table XT) are 
the eaoe for south wind and veit vlnd beenuoe the t-a-ae Intensity contour falls 
ucrooo the center of the resen-olr In noth cnoes. When the vlnd Is froo the 
south, the right hand portion of the contour crosses the reservoir. With wind 
from the west, the loft hand portion of the contour Is Involved, 

A separate evaluatloiL of atretun contamination was made using a 
randomly selected creek feedls.r the Houston reservoir for the purpose of com¬ 
parison only. This selected f^d stroajn (Cypress Creek) ran perpendicular to 
the downwind fallout axis and -' r.ptled Into the Houston reservoir. ‘Ihe evalua¬ 
tion was carried out In the r.anner ao that done on the reservoir. 
stream was assumed to approxlmf.e an Isocclco triangle with the base repre¬ 
senting the width of the streaa south. Tvo mile lengths were laid off and the 
trapezoidal areas caloiluted. Intensity values nnd activity conversion values 
were chosen as before to obtals. the total activity falling directly on this 
stream. To present an estlmatUa of the concentration of activity In the 
stream, complete mixing was esrused. However, It la evident that the activity 
will really move In a slug tj-pe of formation, completely mixing, If at all, 
only when the rndlonctlvlty reaches the reservoir. Although some mixing during 
stream flow will occur due to turbulence and diffusion, the presented case 
will never be actually attained, since countercurrent mixing is unlikely. 

From the preoented values In Tisle XIII It moy be seen that some build-up of 
activity may occur In areas Irrjellately surrounding the stream feed-ln points. 
However, this build-up will not represent n serious problem In the studied 
case because of Its dlotonce frsa the municipal Intake, and the relative time 
elapsed from the time of dctor.itIon to the Intake time. 

The second case otudlei was that of the contamination to Ic expected 
assuming runoff from the entire -ntershed. Tills otuuy was tr.nde for both the 
New York and Houston watersheds, the method being similar to that of the first 
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Table XIH 

Activity Concentrations for Cypreao Crock (South Vlnd) 


Isotope 

Atoms/liter 


Sr -89 

2.2 

X 

10 ^ • 

9.4 X 10*^ 

Sr -90 

s-u 

X 

10 ^ 

-4 

l.l X 10 

Ru -106 

2.6 

X 

10*2 

1.6 X io“^ 

1-131 

h.U 

X 

10^ 

1.2 X 10**- 

C 8-137 

2.5 

X 

10*2 

4.9 X lO’^ 

6 a-1^0 

6.8 

X 

10*2 

1.2 X 10'*• 


case. Five olle grtda vere used, however. Instead of tvo mile grids. Wind 
conditions were selected Identical to those of Case I. To calculate the actual 
anouiit of radioactivity (soluble froctlou only) that reaches the reservoir, 
the runoff coefficients supplied by the respective municipal water worhs were 
asauaed valid In that they represent a maxlnvua valuc to be expected. Ihe 
calculated activities are therefore cooaldcred to be maximum values. The 
actviol rcdloactlve runoff coefficient will actually be less than the aqueous 
runoff coefficient depending on (l) the Instantcous moisture content of the 
soil, ( 2 ) the duration of time fro® detonation to rolnfalL, ( 3 ) Ion-exchange 
and absorption in and on the soil, and (h) plant uptake. The calculated 
values of activity concentrations of the selected lootopco at It ^ 1 hour, 
assuming complete dilution by the composite Itkes and streams In the watershed 
for both Houston and Hew fork Is presented In Tables XIV ond XV. The factors 
Involved obviously vary widely from one environment to another, so that generol 
assamptlono wide from any particular reser/olr should ho applied with caution 


to other situations 
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Table XIV 

Activity Concer.*. rat Ions for Contonlnatlon frotn Runoff 
the Eoustca Watershed 



South 

Vlnd 

West 

Wind 

Isotope 

Atons/llter 

nc/ -1 

Atons/liter 

pc/ml 

Sr-89 

U.5 X 10^ 

1.9 X 10'^ 

3.6 X 10^° 

1.6 X 10*** 

Sr-90 

8.0 X 

1.9 X lO'"* 

3.5 X 10^° 

1.8 X 10*^ 

Ru -106 

U.l X 10 ^ 

2.5 X 10 '^ 

1*.0 X 10^® 

2 .U X 10'^ 

1-131 

9.2 X 10^ 

2.5 X 10*^ 

8.l^ X 10^° 

2.3 X 10'^ 

C3.I37 

50 X 10 ^ 

1.0 X lO'*^ 

‘*.3 X 10^° 

8.5 X Ij"’^ 

Ba-llO 

12 

1 L ,3 X 10 

1.9 X 10 "^ 

. 11,0 X 10 ^° 

1.9 X 10 "^ 




Table XV 


Activity Concciitrations for Contoralnatlon from Runoff 


for the Kev York City Waterahed 



South Wind 

Weet Wind 

loot.ope 

Atoms/liter Mc/nl 

Atoms/llter uc/ml 

Sr-89 

0.36 X 10^ 1.5 X 10*^ 

1.6 X 10^ 6.0 X 10*3 

Sr-90 

0.65 X 10^ 1.4 X 10 ' 

2.8 X 10^ 5.9 X 10*^ 

Ru-106 

0.29 X 10^ 1.7 X 10*** 

12 -U 

1.2 X 10 7.1 X 10 

1-131 

0.65 X 10^ 1.8 X 10’^ 

2.0 X 10^ 7.6 X 10*^ 

03-137 

0.48 X 10^ 9.5 X 10*^ 

2.2 X 10^ 4.4 X 10*^ 
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C. Cone I'jj Iona; 

It la not the porpoae here to drav any conclualons In regard to 
the hlologleal hazard resulting from the concentrations of activity presented 
In Tables XI - XV. Ihls aspect Is being considered elsewhere In this report 
and also by other Investigators. 

It may he prudent, however, to consider the relative \'alue of 
the previous calculations. It must be remembered that only a 5 MT weapon 
VOS considered and that all concentrations are for H ♦ I hour. Thus 
for any other olze weapon, appropriate revisions in the fallout model will 
..ave to be oadc before it may be applied. As for a multi-bomb attack, 
one cannot but accept some method based on additivity. Complications 
arrive hens, aa far aa forming a model la concerned, becauao of ground 
zero locations. Since H ♦ I hour values of concentration are given, one 
may apply suitable decay curves to adapt then to any speclflo otream flow, 
reservoir flow-through, or intake time, etc. for a particular watershed 
system. 

It Is not to be implied here that the Houston and New York val'jes 
are represc.ntatlve of all municipal reservoirs. However, they do present 
a reasonable value to be expected In a realistic case, and also demonstrate 
the ease with which on evaluation may be made. By making such an Integrated 
evaluation for any specific watershed and applying lcx:al conditions, the 
relative radiological hazard may be estimated. 

The Houston and New York values will be seen to vary from the 
potential values If unusuol coridltlons prevailed such as would occur 
during a dr/ spell. However, the effects will be somewhat counterbalancing 
In that high reservoir concentration due to lo-w volwe will bo socievhat 


-lOU 


ofrect by the lack of runoff coataalnatlon. It Is doubted that utuvatural 
conditions, unless very severe, will change the concentration of activity 
by sore than an order of Bafy\lt\«l«» 
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Vn. ATJALYSIS OF RADIOACnvm IN WATER 

A. RadloeheTslcal Hethoda 
1. Introduction 

In aoet radlocht-ralcal analys*?a the atcpc are concentration, 
separation, purification, and counting. Evaporation and Ion exchange 
are the cvo principal methods of concentration, but may not be nccesBary 
If the level of activity is sufficiently high. The Individual radio¬ 
nuclides are usually separated by means of precipitation, solvent 
extraction, or Ion exchange elution. Purification of the Individual 
radlenuclldoa usually follows stan'lard chtialcal procedures which depend 
mainly on the solubility chaiacterlctlcs of compounds of the rsdlonuclldes# 
Coryell and a<garmsn have described lurlflcallon of many of the aon 
Important radionuclides. BadlolcctoiH.s are counted using appropriate 
Insti'umcntn, depending on the specific Isotope and the desired accuracy. 

"Carriers" are of prime Importance In vet radiochemical procedures. 
The mochanlcnuj end usage of radioisotopic carriers have been well defined 
by Overman and Clark A carrier, which la normally the stable Isotope 

of the clement being determined or a stable element with very olallar 
properties, Is added to increase the total concentration of the eleae.nt, 
because the radioactivity will normally be present In micro (juantltles only. 
Hence, If the carrier Is not added, part of the radioactive material will 
usually be lost, even though employing the most scrupulous analytical 
techniques. By weighing th- final solid to be counted, and knowing the 
orlglnsl nmount cf carrier added, the percentage chemical and physical loss 
r.ay be caleulatcd. By acpu,mlns complete Interchange of carrier and radio¬ 
nuclide, the came p-ircentage of each will be lost, and the original concen¬ 
tration of activity may readily be calculated. The carrier Itsalf Is 



ncraalljr Added a# a eolutloo of a soluble salt of The CArrler eleaeat 
prior to any cheolcal procedure. Carrier addition H used extensively 
throughout the deBcrlbed analytical procedures, altho'agh scoe carrier-free 
deteralnatlooa are now coalng Into uae. 

There are several coapllatlono available ■wr.lch describe detailed 

(20 22 23 24) 

f)rocedures for the quantitative detemlnatlon of nany radionuclides ‘ » 

I-tost of these methods have been proven and are In ceoeral use. 

2. Procedures for the Detomlnatlon of Specific RsllTnuclldes 
a. Radtostnsnttun 

StrontluiB-90 has been generally recognlrci as being a very bio¬ 
logically hazardous radionuclide aa It accumulates in bone. IXte to its 
relatively dangerous nature, wide Intercot has boch aroused to find a simple 
and rapid method of analysis for otrontlua- 90 . Tb.'irlques that have been 
In use for several years are etlll finding widest use because of their 
accuracy, the time consideration being less Important la peacetime. 

Strontlua-99, perhaps soBmvhat less of a hazard than Btrontlun- 90 , 
because of its shorter half-life, will sdso be present la fallout contaminated 
water. Separate anslysea of strontlum-Q? and stronTl'-a-SO are thus desirable. 
3irontlum-89 activity Is noraally found by subtractloa of strontlum-JO frea 
total radlostrontluB concentration. 

(25) 

(1) RadlostrontluB and RadlobArlua by yi-.rate Separation' ' 

Strontium and barium carriers are added v.d the Croup II cations 
are precipitated as the carbonates. Partial seperv.loa froo calclun is 
accomplished by nitrate precipitation in fuming nltrlT acid. The remaining 
calcium nitrate is then extracted with acetone. Rxre earths and other 
trlvaler.t cations are removed by tro hydroxide ocawr.<;lngs. Barium Is 


finally separated fron strontium by precipitation barlua chromate. Stron¬ 
tium Is then collected as the oxalate and counted. The barium Is converted 
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/fcyin the chronate to the chlcrlde for counting. The lovest level of detection 

a 

f-,r radlostrontlum by this method Is U x 10 uc/ral and for iradlobarlun, 
nc/ml. A preoLsloa cf about 10^ tay be obtained. 

The caloulatlo;i of the total a-Tiount of radioactivity due to either 
1 ^ilostrontlun or radlocarluz, using an internal prorortional counter, la 
by use of the fcllovloig equation: 


UUC Il^‘t CPQ f 

nr " 


Vjjara 


A ■ efficiency factor, 

B K eheBlcal yield, 

C • «elf«acEorptlon factor, and 

D m voluoe In liters. 


'ihM formula also holds troe for dcternlnatlon of the other radionuclides 

( 26 ) 

A variation of the preceding technique vae introduced by Kooi' * 

A/t.er the separation of stror.tlua by carbonate and nitrate precipitations, 

reawval is effected by barium chloride precipitation in a hydrochloric 
a-i id-ether system. Any lanthanum-lUO vhlch may be present from barluni-l40 
(jr;i;ay lo removed by a ferric hj'droxldc ocavenge. Sensitivity in the 10*^®uc/ral 
j.ango Is obtainable by this procedure. 

(r*) Strontiu.-.-?! by Solvent Extraction of Yttri-ura- 
Strontium carrier lo added a-nd carbonate precipitation is performed. 
■j',,-. carbonate pi*ociplta*.e is ilocolved in hydrochloric acid and the_ eolation 
j.ifcvcnged vlth hydroxide. Che stronil-o."! lo again precipitated as the carbonate. 
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vhteh Is then aUovsd to stand, thus pemlttlng yttrim .90 ingrorth. The 

yttrlua Is extracted vlth trltutyl phosphate e^ulUbrated vUh iUN nitric 

«ld. «»lta,lng crtmctton, the yttrlua Is washed froa the orgru,ic phase 

with 0.^ W ffi/0^, dried In q plnnchet, and counted In an ant 1-coincidence 
tets counter. 

A deeontaL>lr.4fclon factor of approximately 10** is obtained. The 
chtalcal yield la greater than TOf, for strontium; the recovery of ntrlua 
by the solvent extraction Is 855 I, 

Strontlua .90 determinations, such as that shown above, arc noisily 
made by measuring the activity of its beta decay daughter, yttrlua-go. After 
a suitable period has elapsed, the yttrluin .90 Ingrowth Is separated fn>a the 
bulk of the strontluB by some suitable means. The yttrlum .90 Is then purified 

and counted. The strontium may then be determined by calculation using the 
following fonsula:^^^ 

Strontlun-90, uuc/i • - .net cpca_ , 

(^(b)(c)idmb)if;(2.22) 

• efficiency factor, 

• per cent extraction factor, 

• per cent Ingrowth factor, 

• chemical yield, 

• sample volume (liters), and 

• decoy factor; calculated from 



where; 

A 

6 

C 

0 

E 

F 


vber"?: 


activity reaalnlng after a tine Intcn'ol t, 
activity of sample at nose orlgloa.l time^ 

__r—T . and 

hfclf-lii'o of yttrlam-SW (cS .4 hrsj 


t • time (hours) fron separation to counting. 

3y kncr-lrg the total strontlujr.-90 activity and the total activity due 
to radlostrontium, the stroiitltim-89 concentration m;* be obtained from the 
difference. 

(ool 

(3) Strontltua-90 by Direct rroclpltatlon of ’.'ttrlum-go ^ 

Strontlua-90 activity may nlso be easily- iceasiired by a variation of 
the preceding method. After a suitable time has elapsed for j-ttrluiii.90 In. 
growth, yttrium carrier is added and subsequently precipitated ac the hydroxide 
by the addition of sodium hydrooclde. The radioyttrl’om la then purified by 
standard radiochemical techniques, which will depend on the coacentratloa and 
species of the other rare earth radionuclides present, nesolutlon of the 
decay curve will be necessaiy If yttrlujn»91 la present. 

(U) Radlostrontium by lon-Exchunge Methods 

Kahn and Reynolds^utlllccd Ion-exchange resins for the concentra¬ 
tion of radlostrontium. Strontium carrier Is added to a 10-llter water sample 
luid the solution Is pasced upflow through a cation exchange rosin In hydrogen 
form. The strontium is then eluted with l^K nitric acid. The radlostrontium 
Is then separated from other aUcallne earths end purified by previously 
mentioned methods,depending on whether total radlostrontium con- 
contratlon la desired or Gtroutlum-90 alone. 

By (TjCono of concontratlon of activity with lon-cxchnnge resins, great 
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sensitivity can be obtained, possibly dor-n to the 10 uc/ml range. 
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A similar lon-sxehaage method vas described by Kahn, Eastwood, and 
Using appropriate radiochemical techniques, other long.lived radio* 
nuclides could also be determined. In every case, the recovery of activity 
vas gf’fcater than 99j{. 

Bryant, Sattlznhn rjid Warren^^^ utilized an loo'.exchtnge procedure 
to separntc yttrium from strontium after a ten day Ingixwrth perfod. The 
yttri'.tt" wna then selectively el^ced from a cation exchange resin, followed by 
a rcedsorptIon on another resin and finally counted. The mdlochemlcol re* 
co'/crj was greater than 97^* Gravimetric measurement Is not required when 
tislng this procedure. 

(5) Radlostrontlum by Evaporation Methods 

According to Libby' strontiun»9U readily be determined In low 
concentrations by concentrating the activity by evaporation. 

The sample (1 liter) la evaporated to dryness, «uad dry strontium 
nltml*? carrier Is added. Following addition of calcium chloride, to the dry 
realduai the sample Is dissolved in phosi^rlc acid. Yttrium Is then removed 
by the addition of lanthanum carrier, followed by hydroxide scavenging. The 
precipitate Is redlssolved and the milking repeated twice more. The third 
precipitate Is saved, Ignited and counted. The analysis itself takes two 
hours to perform. It Is necessary to utilize decay curves to determine the 
yttrlU/il'^C activity, due to the presence of ^'ttrlum-91 and other rare earths. 

h. Radloceelua 

Padioceslom is considered to be one of the more Important of the bio* 
logically hazardous radionuclides. Cesium Is chemically similar to the other 
alkali fi-utalB, such as sodium and potassium, which are cocsnonly found In the 
internal organs. Thus Ionic Interchange within the body Is easily accomplished. 
Co-137 “I'** Cs-ljU with half-lives of 33 years and 2.2 years respectively 
constliii^® the greatest radlocesiua danger. 







-lit- 

Selective alkali precipitation and Ion-exchange eluclon have proven 
to he the best nethods of separation for the analysla of radlocealum. Deter¬ 
mination of the various isotopes appears to be most feasible by gasioa spectro- 
meagf- 

(1) Radloceslum by Phosphomolybdate Precipitation ^ 

After the addition of eesiun carrier to the sample, phosphoric acid 
and aomonlom molybdate are added and the cesium is precipitated os cesium 
ammonium phosphorjolybdate. After dissolving the precipitate In sodium 
hydroxide, the cesium Is repreclpltated as cesium cobaltinitrite. Ihlo 
precipitate Is dried at 100®C on on nlumlnum planchet and co^inted -In an In¬ 
ternal proportional counter. A $yf> removal of cesium activity vas attained 
by the phosphomolybdate precipitation. Concentrations as hl^ as lO”^ pc/ml 
and as low as lO”^^ uc/ml vere measured with good accuracy. The tvo principal 
cesium radioisotopes measured by this method were ceslum-lBT and ceslum-ll*^* 

(2) Radloceslum by Cobaltinitrite Precipitation ^ 

After the addition of cesium carrier, the cesium and other Group I 
cations were precipitated as the cobaltinitrite after the addition Of sodium 
nitrite and cobaltous chloride. After washing, the cobaltinitrite is dis¬ 
solved In hydrochloric acid. Ceelua sillcotungstatc Is then precipitated by 
the addition of sillcotungstlc odd. The stllcoVingstate Is then dissolved 
In dilute base and the solution scavenged with ferric hydroxide. The excess 
tungsten Is ^eno^'ed as the Insoluble trloxlde. Cesium and sodium perchlorates 
are then precipitated by the addition of perchloric acid and absolute alcohol 
to the solution. The sodium perchlorate is then removed by washing the pre¬ 
cipitate with absolute alcohol. The final cesium precipitate Is then washed, 
dried and counted. This method has been proven to be quite accurate and is 
now in wide use. 








Otooad, et co-pra^lpltattd ceelua coValtlnltrlte on potaselsim 

cobaltlnltrlte and followed vltb a slrallar purification procedure. This 
aetbod bas found little popular 

( 3 ) Padlocesion V.~ riIicotun»;etale Freclpltntlon ^^^ ^ 

This procedure Is booed tc. e sothod orlglnalls- deecribod by Yiciniiala 
and Yonagata^^^^. The cesium Is first precipitated as the slliooturuji tnte. 
Dissolution of the precipitate ti then follovod by a ferric h.vdroxlde 
scavenging. Tbc cesium is theo riproclpltntcd as the dlplcryl:unlnntc. This 
salt l 3 dissolved In U-methyl-'-p^ntanono and the cesUca Is ci.-tinctcd by means 
of 2M hydrochloric acid. The cest-ja la finally precipitated ns the perchlorate, 
In which form It Is dried, velgb^-i, and counted. The chemical yield io QOf>, ond 
eight analyses aiay be perforeied iz eight hours, 

(23) 

(U) padioeeolum by t Co»crystnlllr.ntlon Procedure 
A method has been dcscriiei by which cesium is separated from the bulk 
of the alkali elements and the adaed fission products by co-orystnlllentlon 
with ammonium alumlnura sulfate. The njnnonluja salts arc decomposed by heating, 
and the cesium Is precipitated for counting from a dilute hj’drochlorlc acid 
solution as the chloroplntlnate. This method has been In use as standard 
procedure In sate laboratories. 

( 5 ) Radloeeslum by I.-c-Hxehangc Methods 
Kahn, Eastwood, and Lacy'"' have developed a separation scheme for 
the analysis of the more hazardous radionuclides by Ion exchange. The npeciflc 
mdlocleDcnto studied were ceslus, cerium, cobalt and strontl'jn. The lower 
limit of detection was decreased a hundredfold by concentrating the radio¬ 
activity Of a large sample with s cation exchange resin. 

Cesium was selectively el-ted by means of CM hi'drochlorlc acid 1 rom 
the cation excbnnge resins stuulei- Standard purification procedures were 










then need to prepare the saaple I'or counting. The cesium was separated from 
the other alkali cation contaminants by precipitating It as the olllcotung- 
state, dissolving the precipitate In sodium hydroxide, and then repreclpltattng 
It as the perchlorate for counting. The activity recovered for all radio¬ 
nuclides was greater than 99*2^. 

(37) 

Tsubota and Kitano found that an ammonium formate - foiT.lo acid 
buffer of pH 3*2 selectively eluted the alkali metals from a cation exchanse 
resin. This buffer was employed particularly for the dotenr.lnatIon of radlo- 
ceslura, being somewhat superior to hydrochloric add or citrate buffer as 
an eluant. 


c. Radlolodlne 

Radlolodlne may be either beta or gamma counted, although gtumaa 
scintillation Is preferred for determination of the individual radioisotopes 
of iodine. 

(1) Radlolodlne by Chemical Methods 

Glcodenln and Metcalf determined radlolodlne activity by an 

extraction purification procedure. Carrier sodium iodide Is added to the water 

sample, and Interchange lo accomplished by oxidation to the lodatc with sodium 

hypochlorite in basic solution, followed by reduction to the iodide by sodium 

bloulflto In acid solution. Sodium nitrite la then added to oxidize the Iodide 

to elemental Iodine which is then extracted Into carbon tetrachloride. The 

Iodine is further purified and concentrated by back-extraction Into sodium 

bisulfite solution which lo finally gamma counted at the iodine -131 photopeak. 

• ft 

The sensitivity of the method Is approximately 10* c/ml for a liter sample. 

The problem of Incomplete carrier interchange Is overcome by this 
procedure which employs cxldallon-reductlon. 









Tha sane authorsalso describe a procedure In vhlch the lodate Is 
reduced directly to the Iodide by hydrcxylaalne hydrcc':ilorlde. The Iodide 
obtained after the sodlua blsuaflte back-extractloa Is precipitated with 
stiver nitrate aa silver iodide vhlch Is then dried, veiled, and beta 
counted. 

A sLcillar but faster ncthod for radlolodlne ieteralnatlon vas de- 
veloped by Levis . He develoj^ed a contlnuoua extractor employing tvo 
centrifugal pumps, to promote mixing and extraction. Tbs Iodine was extracted 
Into carbon tetrachloride and backextracted into bisulfite solution In one 
operation, gaona emission of a pipetted sample vas then measured. The 

time of analysis was cut from 2 hours to 30 minutes. An accuracy of 
93*0 - 3.036 vaa achieved. 

d. Total Radio Rare Earths Detcnnlr.atlon 

( 1 ) Ifetal Rare Earth Activity by Fluoride Precipitation 

Home and Martens ^**®^iave developed a rapid method for the determina¬ 
tion of rare earth activity by which the beta and gamma activities arc deter- 
mined separately. The method Is quite rapid, the gamr.a determination taking 
only a half-hour. 

Two rare earth fluoride precipitations serve to remove zirconium and 
niobium, the principle gama emitters of fission material. Barium and stron¬ 
tium, vhlch arc heavily coprcclpltatcd, are removed by h;.-droxlde precipitation 
after the addition of holdback carrier. Tne cample may then be gamma counted. 
To estimate the beta activity, the rare earths must be precipitated as the 
oxalates before counting. 

(2) Total Rare Earth Activity by an Alternate •■'»?thod 

(Ul) 

joldrldge and Iftime developed a method similar to that above 
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fcr tha —ir.atlcn of total I'arc earth activity. It Is sosovhat lengthier, 

Vat zzn arr.rate, particularly for beta counting. 

I'aala crrlan 1» added as a carrier for the entire group of rare 
earths. !is rare earths are then precipitated as fluorides, rcdlasolved In 
tcrle ana -_l‘.rlc adds, and repreclpltatcd as the hydroxides. Zirconium la 
then rerorti by precipitation as the lodato after reduction of all the rare 
earths to ‘-ji: trlvalent state. Following hydroxide scavenging for alkaline 
earth resmsl, the rare earths are precipitated as the oxalates and beta- 
courted It at Internal proportional counter. 

tuz) 

and Pappas* ' employed a similar technique, using lanthanum 
as a carrier fsr all the rare earths. Following separat’on and purification 
Of the gro.t ;f rare earths, individual separation was attained by elution 
from a cetlot exchange column with omonlum lactate. Ihe Ion-exchange separa¬ 
tion step vti terfonned without additional carrier, and the recovery of 
activity T-T each radionuclide was assumed to bo the same as that for the 
lantha.T.=;- IbK advantage of the non-oarrler separation Is that a "weightless" 
cample Is :d-alr.ed, thus eliminating celf-abcorptlcn and self-scattering 
factors. 

e. MLrvLlar.couo Radionuclides 
(ij Sad lobar jura 

>'.--.r-.lr.atlon of -adlobarlvjn r.ay easily be made during the radlo- 
etro.ntlur; ictlycls. both t:rontlum and barium form insoluble carbonates, and 
cubseqjcr.t !!-aratlon may bo riSdc- by precipitation of barium as th-i chromate. 
This nethoi. iy -iahn and Gtraub, was described earlier under radio strontium. 

( 1 , 3 ) 

Hunter B-'.d r'.-cir.s followed the tame procedure except that the precipitate 
l6 counted sj the carbenate instead of the chloride. 
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Mlnkklnen^ has developed a procedure for the analysis of radio* 
barl'js In which barlua chloride carrier la cpcclflcally precipitated ns the 
nonohydrate from a concentrated hydrochloric aetd-ethyl ether nlxture. Thle 
predpltate Is dissolved In water to which ferric hi'droxlde lo suliseiiuent ly 
added ac a scavenger. The bnriun Is then Isolated as the chronate. Tlio 
chenlcal yield of barliun chroinate le about lOfi. Tnc bnriun chronate proolpl- 
tate la then set asido for 13** hours to allow the barlun-lNO and Itc daughter 
lanthanum -lUo to come to equllllrlun. 

(2) Rsid^ocerlua 

( l.U> 

Borgus and Engelkemelr ' have develoi)ed nvcihod of onalyels for 
mdlocoilum (cerlum-lbl»), cimploylng a cerlos of precipitations. After the 
addition of cerium carrier and alkaline earth holdback carriers, cerium wns 
separated along with the rare earths by fluoiidn f.oclpltatlon. Alternate 
hydroxide und fluoride precipitations are then employed to remove zirconium 
and alkaline earths completely. The cerium Is then oxidized to the tetravnlcnt 
state with perchloric acid and precipitated as the lodate. Thorium activity la 
then removed as the lodate following the reduction of cerium with sulfur 
dioxide. After scavenging with thorium and further rcprcclpltutlon, the ccrliui 
Is finally precipitated as cerous oxalate, which Is cubccquently Ignited to 
the oxide. After weighing, the cerium activity lo courted on an lnt< rool 
proportional counter. 

The percentage of chemical recovery le only about yyfi, but the radio* 
active purity of the final precipitate is very high. 

It lo likely that this process co\U.d be shortened because of the 
probable absence of thorium from rollout contaminated water. 

Ames ' employed a similar prtecdure for the onalyols of total 
radlocerlum. The concentration of cerlum-lUU ic obtained by counting in- 
mediately, using o 217 mg/cm aluminum absorber. This shields all the 
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cerlua tietas, counting only those fr^= praseodyalun-lUU, the daughter product 
of cerlua-lUU. The difference between the total raJlocerlun concentration ond 
cerlum^lWt concentration la assu^^-d due to cerium-lUl, a neutron induction 
product. 

f ^ \ 

Barnes' ' describes a meinod by which radioccriua is icolnted by on 
extraction method and counted for •!*rlua«l4U. Carrier interchange is accom¬ 
plished by means of an oxidation-reduction cycle. Tuo dibutyl phosphate ex¬ 
tractions are then carried out to remove the heavy elements. The cerlua Is 
then precipitated as the fluorldcj oxidized to the tetravalent state, and ex¬ 
tracted into hexonc. Finally it liJ converted to the dioxide and counted for 
cerium-144 by means of u beta counter using a 217 ikg/ca aluminum absorber. 

Ibe chemical yield varies from 

Kshn end Reynolds^ have developed another method for the determina¬ 
tion of radlocerlum activity employing the use of Ion-exchange resins. Con¬ 
centration of rodioceriura and added carrier was attained by passing a ono-liter 
water sample through either Dowex-*tO on the hydrogen cycle or lR-220 on the 
sodium cycle. Cerium was ocloctlvely eluted from the resin with 2$ ml of 
3M nitric acid. Purlficotlon of tli" mdloccrlun Is obtained by successive 
precipitations as the fluoride, the Vo'droxido and rinoliy as the oxalate. The 

cerium oxalate is weighed to detettnine carrier loss and then counted. 

-8 

Sensitivity of detection was IncrcSPfcd to approximately 10 pc/ml. 

( 3 ) Radioruthenium 

Clendenlu^**^^ has devclop'’d f<n analysis scheme for the dctcrmlnotlon 
of radloruthenlum which has been ulHlicd us a etandord method of procedure. 
Separation of the radloruthenlum wlUt carrier ruthenium is accomplished by 
oxidation with perchloric acid to Uifc volatile tetrooxide which is subsequent¬ 
ly distilled off. Sodium blesjuthTi“ I® added prior to distillation to prevent 





volatillsatioa or the halides by oxidizing then to the oi^acids. n>e ruthenium 
is absorbed Into a sodium l^droxlde solution and precipitated In the form of Its 
lover oxides by reduction with ethanol. The ruthenium oxides are then dls- 
colTed in fagrdrochlorle add, and nthealiot la- precipitated in the metallic 
state by reduction with magnesium metal. The ruthenium metal Is weighed for 
carrier loss and counted. The chemical yield is about 

Melnlck^*^®^ , using an almost Identical chemical pn)cedure, describes 
n process for the determination-of ruthenlum-106. By using n series of heavy 
aluminum absorbers with a beta proportional counter, a correction factor for 
the presence of ruthenium-IO 3 (half-life ■ U2d) may be obtained by extrapola¬ 
tion. Extrapolation for the correction is necessary. In that while counting 

A 

the betas from ruthcnlum-L 06 through a 210 ns/emr aluminum absorber, the gaum 
rays from ruthenium-103 are also counted. If the activity due to ruthcnlum-103 

A 

alone Is desired, gonna scintillation may be used with a 2,000 mg/cm aluminum 
absorber. 

Mcrrltt^**^^ describes a method of radlorutbenlum analysis In which the 
ruthenium Is determined In the presence of strontium, cesium and cerium by 
fusion and extraction. Following the addition of carrier ruthenium to the 
water sample, the sample Is fused with potassium hydroxide, sodium nitrite, 
ond sodium carbonate at 550®C for two hours. The melt Is leached twice 
with water to dissolve the ruthenato and cesium, leaving strontium and curltna 
In the residue. Otrontlum, ccrlian and cesium are then analyzed by previously 
ffy.-ntloned procedures. The ruthenium Is extracted from the leach, after the 
addition of periodate, with carbon tetrachloride. Tbc ruthenium Is then 
stripped from the carbon tetrachloride with 6ll hydrochloric odd. Magnesium 
is then used to reduce the ruthenium to Its elemental metallic state in which 
form It Is subsequently counted. This method has proven satisfactory for 
soil leaching analysis, etc., but could veil be used on water samples. 










(**) R&dtozlr(ronl\a!-Rftdt(nlcbl.a 

St'rlnberg^^®^ has developed a nethod for the detemlnatlon of zlrconlun- 
nloblun activity which has been tested ar.d pro'^en. Following the addition of 
both zdxco nlu n (knd nloblua carriers^ the two elecicnts are coaplexed by the ad.- 
dltlon of oxalic acid. Thorlua cxalate scavenging Is carried out by the ad¬ 
dition of potaoclum chlorate to the acidified sol-tlon. The niobium oxide 
la redlfisolved and re precipitated as the oxide hydrate. The water Is then 
driven off by Ignition and the niobium, oxide Is weighed scid mounted for count¬ 
ing. The zirconium Is precipitated from the original solution as the phen- 
ylarsonatc by the addition of phenylarsonlc acid. This precipitate Is dissolved 
In oxalic acid, forming the soluble oxalate. The zirconium Is rcpreclpltated 
as the phenylarsonate, which Is subsequently Ignited to zirconium dioxide. 

Tills precipitate Is weighed and counted. Doth precipitates (niobium and 
zirconium) are beta counted on an Inteir.al proportional counter. 

Brady and EngelKcraclr^^^^ have developed a phosphate method for the 
determination of activity due to zlrconlur.-nloblurt which Is somewhat lengthier 
than the preceding method. Separation of zirconium Is based upon the precipi¬ 
tation of zirconium phosphate. The phosphate Is then redlssolved as the 
fluoride and precipitated as the phcnylarsonate which Is subsequently Ignited 
for counting. Mloblum Is precipitated la acid solution, dissolved as the 
fluoride complex and finally weighed ai.l counted as the oxide. About 10 hours 


Is required for the entire analysis. The chemical recovery of zirconium la 
about ond that of niobium la about SO^. 


A method Is alro described by Stanley''' ' for determination of 


zlrconl\ci-95. Carrier intcrchonge lo effected by the fonzatlon of the fluoro- 

.2 

zlrconato c<.z?lex, 7.rF^ . Bare earth activities are ror.ovetl by lar.thanum 
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fluoride scavenglag. zirconium la then separated hy means of three barium 

fluorozlrconate preclpitatlona. The zirconium is finally precipitated vlth 
maadellc add from hydrochloric add soIutloD and ignited to the dioxide, la 
which fom it Is weighed and counted. A chemical yield of about 755^ io 
obtained. It is essential to not begin the analysis until zlrconium-97 
(t^g ■ t? hours) has had time to decay to a negligible amount. After the 
final pi-eclpltate has been obtained, counting r-hould begin Inmedlately uo 
that no ni^reciable nloblum-95 has time to grow In. A beta proportional 
counter should be employed for the counting. 

3 . Zutiiub-xj ut Radionuclide Analyses 

For the convenience of the reader, additional references, as well 
as those previously cited, are sumaartzed In Table XVI. 








1, Radlostrontlum 


25, 26, 27, 29, 
30, 31, 32, 33 


J*9, ‘>3. 5**, 55, 
56, 57, ^1, ^ 


2. Radloceslun 


23, 31, 3^, 35. 
36, 37 


29, l|0, 5^, 55, 
50 > r-*', (^'5 


3. R&dlolodiae 


28, 38, 3? 


55* 


U. Total Radio Rare 
Earths 


i*0, Ul, 42 


55 * 


5. Radlobarlum 


24, 23, 43 


6. Radloccrlum 


30, W*, 45, 46 


29 * 3 ^» ^9, 63 


Radloruthcnlum 


47, 48, 49 


0. Radlozlrconlura 
Radlonlohlun 


50, 51, 52 








* 122 - 


3. Instngicctttloo. 

^-uantltatlve analysis of i'ft4loactlve elements in trace concen* 
trattoaa la done ssst eou^enlertly i>y metis of radlatloa-rdotectlng Inatru- 
sents.. Due to the very small amounts of redlonuelldes present, suA 
Instruments are usually superior in Hjp^ed and sensitivity to conventional 
vet chemical analyses. Hovever, whell oorpl*te chemical analyses are 
rujuiicJ, extensive use is mode of wet chenical procedures for the separa¬ 
tion of various Isotopes, as descrlte4 on pa/rcs 10? - 121. Such separations 
arc not required when only gross fission product activity is to be mea¬ 
sured or when only one radioisotope le pre/ent. 

If the activity of a cample is sufficiently hl^, this activity 
siiy be determined directly uclng a slinple detector and ratemeter. At 
very low concentrations in aqueotie ebwpi*'f or for beta emitters, for which 
self-absorption la the sample is a (liwjo** factor, preconcentration of the 
sample a.>d opeclally designed instruments such as a flow counter may be 
required. 

A survey of commercial!;' available portable radlutloo iDStrumenta 
has been carried out and the Infomuntton obtained is suranarized in 
Tublec and XjLX. Hieae are all illPtruser.ts of the ratemeter type 
capable of rccoidlng count rates dowH t® a few counts per minute. To 
establish their usefulness for the determination of fallout product 
concentrations in water it Is neceeesjy correlote the sensitivity of 
the equipment with different types of detectors and reasonable sample 
volumes with the level of conta'Tilnatl"n concentration expected in emergencies. 

For raw, untreated aqueous Holuriona, Figure 15 chows the relation 


of nuclide concentration to measured dose rate for various Isotopes of 
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Intfeiet* for a comPt'rclHl Instr^n^nt. It has Voen rl’ovn la 

Tnhlfit X.. salZ' ^hat fallout product concsr.trations of the order of 
10 ^ • IC iic/r.I r.4/ fc* exptctc-i la th«? VKtcr* s-upplles of typical vaucr^heds 


d>Arirg th* early po-.t-attack 
Xihri*^'' rhowf ti* relative 
survey aettro vita a lo*<-£t- 


perlod. Table M’.. token froa Ijocy and 
detectoblllty of eelecte* radioisotoposi vith 
icale aenoltlvlty dorfu to O.Ol mr/hr arsvcaing 


ideal counter gi^-metr/. 

If it tj sc-rely desired to deteTOlne the p:x**-cnce or nbconce of 
these hicn-level coacentratlonr.. It Is evident that available 

ivjrvey lt.atr4set*..* iGoul'd be capable of supplying this Information, pro¬ 
vided that th<^y *•;« iftted with a detector head suitable either for Imeralon 
into the liquid r^sple or for flow-through meooures-Mit.^. 


*-;fA.-ev^, in sout cac-ec the concentratlonc- measured ore well 
above the IChT jsaxlaos penBlaotble Ic-vela of concentration in water- or 
close tc the llarit; of dctecteblllty of the instruaenta listed in Table Xv*; I. 
For this rearca It ueenn neceBsary io develop end rtike available proocduree 

m 

and facilities fur the core accurate measrureraent of lov-level fission prod'uct 
concent~3tlens *.« er^ui; the safety of available sources of drinking water* 
Thlc c-eT^lopcent car. loilow twe paths: 

1. Frecoccc strati on of the cample to Increase the number of 

redionctivs ;»tcar to a »,evel that Is readily detected by conventional 

• • 

survey inftnaaests; or 

2. Iricreoilc.r the senpltlvlty cf the detectors by an Increase 
in cample volume, cackgro-avd leducMon by edded shi.-ldir.g and coincidence 
circuit irrar.gemtutr, or nore Intlmatt contcct tev.vi:: sample and deteemor 
volumes, in prsjor*.ioril flow counters, or .'n liquid scintillation 
ccicitiog. 


Best Available Copy 



Table XVII 

Approximate Mlnlmufi D-tcctable Concent i’^tlons In Water (uc/nl) 


For Survey Meters with Fiill Sci>le Sensitivity 


idlolrotope 

0.01 mr/hr 

0.1 nr/hr 

1.0 r.r/hr 

10 nr/hr 

_ 106 

Ru 

5 X 10'^ 

5 X 10*5 

.b 

5 X 10 

5 X 10 *^ 

Pa^‘'° 

1 X 10 *’ 

1 X 10*“ 

5 X 10 ** 

5 X 10 *-’ 


5 X 10*^ 

1 X 10'** 

1 X 10*5 

1 X 10 *''' 


.It 

.3 

.^-2 

-2 

T1 

5 X 10 

1 X 10 ’ 

1 X 10 

5 X 10 

2 r 95 

1 X 10 

1 X 10*^ 

5 X 10*5 

5 X 10 *® 

ll31 

5 X 10*** 

1 * 10*^ 

.2 

1 X 10 

5 X 10 '® 


1 X 10 ’^ 

.U 

1 X 10 

1 X 10*5 

1 X 10*® 


5 X 10 *^ 

5 X 10*5 

5 X 10*** 

5 X 10*5 


1 X 10*^ 

5 X 10 *^ 

5 X 10*^ 

1 X 10 *^ 


5 X 10*** 

1 X 10*5 

1 X 10*^ 

5 X 10*® 

CO^ 

1 X 10 *^ 

5 X 10*5 

5 X 10*® 

1 X 10*^ 


1 X 10*^ 

-U- 

1 X 10 

5 X 10*** 

5 X 10*^ 

Au^^ 

1 X 10*5 

•b 

1 X 10 

5 X 10'** 

5 X 10*5 

ce^37 

1 X 10*5 

5 X 10*5 

5 X 10*® 

1 X 10**- 


Values extrapolated from Mey, W. J. nnl Mahn, D., "Sur/cy Meters 
end Electroscopes for Monitoring RiJloe.ctlvlty In Water," J. A.W -W.A. , 
'* 6 , 59 ( 195 **) 
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Prcconcentrattor. Me^hoda 

Mari/ Keth^la or 4>tc^o!4C7utiai.iuii have disadvantages which Ilnlt 
their use In on es^rgency. Ctsicetitration by evaporatloo, for example, 
requires a great deal of cere and skill to ot-talu reasor.abiy accurate 
results. The use of Ion exchange resins to rerove the activity from the 
cample can glv.? very good reproduceablllty and In some applications can 
be ainost completely automated. Dnmons and Lauderdale' ^ have developed 
a contln'jous water monitor which employs a long C.M. tube at the center of 
a column of cation exchange resin. By employing two columns, ore may be 
used while the other Is being regenerated with strong acid. With this 
system sensitivities of around 10"^ uc/ml have been obtained. 

The mixed resin bed Is potentially capable of sensitivities in 
the 10*^ « 10*® uc/ml range when used with Icrw background counters. 

Although the measurement of radioactivity on resin presents problems of 
self absorption In the cample, reasonable efficiencies and rcproduccabllltles 
con be obtained if sufficient care Is taken In sample preparation. 

One method which may be employed to overcome self-obcorptlon 
In the recln lo to detect the beta particles with a ccintlllatlon resin. 
Little work hao been done on scintillation resins, but when techniques 
are developed this should become a very valuable tool In contamination 
evaluatloa work. 

A highly accurate way in which the radioisotope content of water 
can bo detcnalr.i.'J is by radiochemical analysis. 3y chemically separating 
the various cli'ir.er.ts of Interest end then measuring the activity of each 
eonttltuenc, t)ie activity concentration as well as the identity of the 
radio contaminants may be obtained. This type of orjali'sls requires a 
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skilled radlochemlst and such an Individual may he 
emergencies. Solvent extraction methods have also beoi» tut at 

present a method Involving a mixed-bed lon-exchange reslH ecees to offer 
the olnplest practical approach^^^^. 
tK?tcctor Developoent 

Improvement in detector sensitivity con be ^ suitable 

choice of detector characteristics, detector geometry* electronic 
circuit parameters. In order to measure the contamlnallevel of water 
cuppllea the radiation emitted from the water cample muef- determined 
as efficiently and as accurately as possible. Because uf the statistical 
nature of the radiation emission, higher accuraclec caii obtained only 

by increasing the total number of counts reglotered by detector, 

while at the same time keeping background counts to a 

roocon, at low levels of activity Individual counting dlrPiJits or scalers 
are superior to Integrating counting circuits ouch as 

If the radioactivity Is composed largely of bft'^ particles, a 
major problem In ceas\u'lag beta activity In water Is the chort distance which 
a beta particle can travel In this dense medium. It ief f-heixfore, desirable 
to bring no large a volume of voter es possible into thb Imf'CdlBte proximity 
of the detector. 

One of the most convenient monitors for this flow 

through t>'pe which allows the water to come in contact 'Ji ^h the detector for 
a brief period ar>d then be flusl’.cd out. The .wot corrjwti il'.toctor u=ed In 
flow'tljrough monitors Is the G.M. tube^^®^. Various coi:* ^he 

C.M. monitor type have been used to check cooling water hlllu;.nt at CAOy 
of the water-cooled reactors In the country. 



Lately, the geometrical flexibility of plastic sclntlll&tora 

has Increase! the volu-mo of vater which can be brought close to the active 

volvuae of the detector. Therw are presently on the market, water monitors 

which use large, spherical scintillators capable of measuring activities in 

the range of 10*^ Another sethod vlilch displays much of the 

geometrical advantage of liquid scintillation but has none of the chemical 

(7c) 

pi-oblems is the use of scintillation fibers . Although this method 

ih 

has been used for the most part to measure C and tritium in water, it 
should yield good results with fission products and extend direct monitoring 
capabilities below the 10* yc/ml range. 

Liquid ecintlllatlon techniques have yielded very accurate results, 
high efficiencies and good sensitivity in the determination of radioactivity 
In water. This method may prove quite valuable in the hands of on experienced 
radlochemlst. 

The limiting factor In the sensitivity of a detection device 
is the background or "zeix) activity" response of the device. Both electrical 
and physical approaches have been pursued in the reduction of this background, 
Physlcol methods Include the shielding of detectors and the reduction of 
detector sensitivity to the gorra radiation which can penetrate the shielding. 
Since the cross section of plastic sclntlllatoro Is quite high for beta 
radiation while being fairly lo-rf for gomu radlotlon, very thin scintillation 
discs have been used to produce good beta detection efflelonceo with a 
background of less than one half count per nlnucc for a one Inch diameter 
sample 

Tile electrical method of reducing background Involves a shielding 
detector and ontl-coliicldencc circuits. The detection device Is thus made 
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Ineer.sitive to iost of the bacV^ro'^nd mdlatlon which enters the detector. 
Most of the »nti-coincidence detectorr presently on the rnrket reduce the 
apparent b&ek^ro\uid to a range of O .3 to 2 counts per minute. 

Tr.e only reliable method precently applicable to civil defense 
use for cens'uring the amount of specific Isotopes In water Is gairirvi-cnorgy 
analysis. Most gamma analyzers are lerge and quite complicated to oporutc, 
although son/i that are portable and easy to use are now appearing cn the 
market. ' Vith a small amo-ont of training civil defense personnel should 
be able to make good use of these Instruments. 

Summary 

preparation for the post attack monitoring of drinking water 
supplies for radioactive contaminant?, may now be divided Into four areas 
of required action. These Include the Installation of continuous monitoring 
equipment at treatment plants, dlsserlnatlon of Information on the use of 
available Instruments for water activity. Insuring the availability of 
battery-perwered equipment designed for water or general liquid radioactivity 
assay, and continuing the research on equipment capable of meeting emergency 
requirements. 

A large number of water treatment plants would probably still be 
operational after a nuclear attack. Tr.e danger of contamination from 
fallout would require that the water be continuously monitored for contamina¬ 
tion even at levels well below the naxlr.an permissible levels. In this way 
alternative water sources co’uld be located or decontamination procedures 
could be brought Into opeititlon as soon as the possibility arises th.at 
existing waser supplies become luaflt for cons^umptlon. It wo'uld be desirable 
for this pe:tnanent equipment to be able to doteif.lne the relative concentra¬ 
tions of the various radiocontaalnants. 
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Hany comoerclal InatrJJwnle vhlcfc detect nuclear radiations can 
be set up to oeasure the asvount of radioactivity In water to a degree of 
accuracy suitatole for emergency vtfpt "Hils neacurcBent would require a 
given procedure and a cct of conversion tables for each typo of Instru/nent 
or class of Instruncnts. 

Of the widely available Instruments, the most common type, the 
G.M. survey meter, can bo adapted for emergency use by either dipping the 
probe Into the water or holding tl-.v probe close to the water surface, to 
measure radlo-contominatlon levels do'sn to 10 ^ uc/ial of some of the 
Isotopes. Some scintillation netel'P can reduce this lower limit below 
10*^ lic/ml with the absolute limit depending on background radiation. 

Most lor. chamber sur/ey meters aivj not as sensitive as the G.M. or scintll* 
latlon types, although oomo of the pore sensitive ones might be used when 
no other equipment Is avollable« 

Companies marketing nuolesr detection equlptaent were aoked to 
supply detailed speclflcntions ou ihelr survey-type Instruments. A 
summary of Information received by January 30, 1963 Is given In Table XV. 'I. 
The Instruments are listed In order of decreasing sensitivity (mlnlmua 
full scale readings). 

Pertinent specifications In the table include the maximum full 
scale range, battery life, type of judlatlon detected, type of detector 
used, wclgl-.t, the manufacturer’s mOb l number, and unit cost of the 
Instrument. The ability of on Insinwent to discriminate between various 
types of i-adlatlon Is olio lr,cluJ"1, as veil ns the type of radiation to 
which a given instrument Is censl*. Ivf, Is Indicated by an "X" In the 
appropriate column. If on "0" epp'^ars under the Indicated type of radiation 
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it simply means that It caa he shielded out hy a movable absorber. In the 
event an Instnimect may he povered by standard ''D" cells, the number of 
batteries required is indicated. Instnaeentc which arc specified to be 
moisture proof or Imnerslan proof arc Indicated to be "weather proof" by 
an "X” In the approprlttc column. It Is believed that the nbove cited 
characteristics are the most Important to be concldercd In celcctlng an 
Instrument for surveying ar.l measuring water supplies and for other general 
uses. The prianufacturcr of each Instriment nay be determined by referring 
to the "Comoerclal Souicc" colamn In the table and then to the company 
number listed in Table XZX. 


Table XIX 

B-lulpnont Henufacturcra 


1. Atomic Accessorlen, Inc. 

811 W. Kerrlck Pood 
Valley Stream, Hew fork 

2. Baird Atonic, Inc. 

33 university Road 
Cambridge Hass. 

3 . tborllne Instrument Corp. 

P. 0, Box 279 

Santa Pc, New Mexico 

4. Vlctorecn Instrument Co. 

5806 Heugb Avenue 
Cleveland, Ohio 

5 . Lionel/Anton Electronic Laboratories 
V.bC Fluchlng Avenue 

erookl:vn 37, ’.lev York 

6. flvclronlc CoiTpomtlon of AT.erlca 
19 c Degrau Street 

Brooklyn New York 

7 . Rtdlatlon Counter Laboratories, Inc. 
5L?l W. Clove Street 

Skokie, Illinois 


6 . Radiation Equipment and 
Acccouorles Corp, 

665 Merrick Rood 
l(vnbr.ook, Hew York 

5 . Technical Accociatcs 

ItO W, Provldcncla Avenue 
Burbank, California 

10. Trace rlob 

lOOl Trapclo Rond 
Waltham 5**» Mor.oachuoctto 

11. Iluclcor-Chlcugo Corporation 
333 Ikiot Howard Avenue 

Deo Plolncs, Illinois 

12. Franklin Syotemo 
273 ** HIll=bc-ro PoaJ 
Wcut I’uin Dench, Florida 

12. I.’uclcar Corpor itlon of A;cicrlca 
l.'.LtnT.' It* niid Coiitrol Division 
Hlchwood Place 
Dcnvlllc, Hew Jersey 
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Using tho Information In Flguro lf> to cor.vort the Instr^ent 
tensitlvitles In 'latlv XVIII Into eq..lvalcnt concentration value.', latle XV.X 
has boon compiled to chow the concentrations of typical Icotopcs which can 

* f ^ 

Ju.’'t he detected with Instricu-ntc of the tiensitlvltlec titatud' . It mur-l 
be bomt In mind that the dose calibration in mr/hr for mod Instruments 
is done with a cobalt or radl';n gro.ir.d rource, and that the dore extrapoln* 
tlon to other laoLopf.r, .\nd tr.crc' rangoc will not be the SMut- for dlfferenl 
dotectoro. 

It is evident from the foregoing dlccurslon that theix; appear to 
be e.icquato coixn^rolal in.-tru-eents on the- market which can be adapted to 
^vc a reliable Indication of hlei'-*lcvcl conta/r.lnatlcn of water supplies. 

The assay of Ifotople cor.tosilratlon and the accurate determination of cafe 
cor.centrotlonc of radlolcotopes la water by field Instru/ncntc rjidcr emergen'',v 
corulUlor.s, however, doeu require .•.one further recjarch and development 
work. Such equipment vll). have to be made c.vallahl': In sufficient qivmtlty 
for vxlenrlve water .Uialy.es at. toon after an attack as pouslble. 
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VIII. DECOJflAMINATION OF WATER SUPPLIES 

A« dlceiioaed la Qporterlor Technical Report #3 (see Appendix A) 
radloZosleally ewitamlnated vaters have been subjected to decontamination 
procedures of both conventional and non-conventional nature. Of the six 
radioisotopes of biological Importance, all have been found to be ament.ble 
to removal to sore degree. Ibe degree of treatment required has been 
predicted in previous reporta, predicated by the Maximum Permissible 
Concentration for peacetime coiiaumptlon of water or expsosure over a con¬ 
siderable period of time. Ibese requirements are very unrealistic when 
considered In the llgjit of the occurence of a nuclear Incident. Kie 
removal efficiencies for the most part have been derived from laboratory 
data on small volaves of water treated under rigidly controlled conditions. 
Of practical importance, only those data obtained by actual treatment plant 
operation are to be considered reliable on a major scale. Even In this 
respect, It must be pointed out that these dato were derived from nnalysls 
of water supplies which had been contaminated by long-range weapon debris. 

It hae been dlceussed elsewhere In this report that the long-range fallout 
Is more soluble than short-range or early fallout. It Is for this reason 
that we may expect full-rcaie operations to be more efficient in radio¬ 
isotope removal of early fallout, than the presently rcpoi^d efficiencies. 

It appears that water decontamination In tho early phases of a 
nuclear Incident aftermath are not beyond .the realm of practical application 
of the basic sanitary engineering principles of water treatment. The major 
problem Involved In water decontamination will bo the long-tcm exposure of 
the surviving popalotlon to concentrations of the long-half lived Isotopes 
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of biological Importance, l^e reduction of these contarainants to (V^f*treflblc 
levels vlll constitute the prlmniy long-term problem to the water liv^'tia'.nt 
field, but la b/ no means an lasuroountable taek- 
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IX. Kxrr BimDHi Frta< coctamin'atkd water 

In the analysis of tody burden from continued Ingestion of water 
contaminated with radioactivity reoultln^ fcoa nuclear attach^ it has been 
found that the dcveloprer.t of a rational formula is desirable. A formula 
has been developed In this i-eport which gives values of body burden com¬ 
paring closely with those obtained by empirical means. 

Many of the empirical values used in this analysis were derived 
from animal ctudles, and cay or may not be applicable to man per se; 
however, the values obtained by formulas developed In this report are In 
good general agreement with data collected from experiments with man. 

Data from man has been used wherever possible; unfortunately cxperlmenta 
vlth man are not sufficiently comprehensive to servo as the entire basis 
of on analysis. 

The relation of body bxurden to many of the radioisotopes found 
In fallout Ic not easily understood for short periods of time, that is, 
when the study period Is a very small fraction of the physical half-life 
of the radioisotope. In this report. In addition to study of the inncdlate 
effects, severol cases are analyzed for periods of time lu excess of fifty 
years. (Pigurca l8 and 20) 

Hunwrous studies Iiave been made on the afl'lnlty of certain 
types of tissue for portlcular radioisotopes. Ihcce selectivity studies 
ore of special Interest to anyone who wishes to set up theoretical values 
which may not bo exceeded without permanent damage, that Is, such values 
as "I'axlnuB Permissible Coiicentratlon," "eaicrgency limits,’* etc. Although 
It Is not within the scope of this report to determine such values. It is 
of Interest to note that allowable body burden la the total concentration 
of a given Isotope aUo-ed In the most critical organ. The moot critical 
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organ la that organ which rceolvos Its damaging dose first during tiv; chain 
of hlologlcal proeeaaea. 

The phenocaeoon involved In the rate of txunover of various ieotopea 
by a particular organ la of Interest since this rate may be equal to, 
greater than, or less that the rate for the entire body. A sample plot 

of the critical organ versus physical half-life Is shown in Figure l6. 

Both biological and physical decay rates are considered In this 
report. In order to demonotrate the difference In body burden levels ob¬ 
tained by (i) considering only physical decay and (2) considering both 
physical and biological decoy, t.e. effective decay, values for both 
cases are plotted in rlgurco lo through 21 as curves B and A respectively. 

values plotted as curve A are parameters of the rate at vhlcb 
the radioactivity level in the body la reduced by a combination of bodily 
processes and physical decay. These values ore therefore parameters of 
the effective decay rates of the various mdlolootopcs. The ojnount of any 
radioisotope which passes through the body must further be related to the 
amount retained by the critical organ. This relation lo represented by on 
f^ value which gives the omotint of a radioisotope taken up by the organ 
critical for that isotope. 

In the interest of generality wo have developed a method of compu* 
tntlon (using values) rather than a list of specific figures for a limited 
number of cases. 

no attempt has bc<,‘n made to evaluate cell darage resulting from 
various levels of body burdens. It is obvious that the greater the body 
burden the more extensive is the radiation dorage. Examples are cited in 
this report of eooe of the biological blocking processes which may bo 
applied to effectively reduce the body burden. Tiese values will give 
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the highest burden rc^'iltlng afil'J drinking contoalnated vater while 
eating a normal unconVisloate-J and breathing uncontanlnated air. 

With aa easily derived ccaLlng factor, hxT.-c’/er, these same grtiBha may be 
applied to Ingested solids. values nay be obtained cither from formulas 
to be derived later In this set-',}«« or the graphs la Figures l6 
through 21. The graphs are easier to use and are Included as an aid to 
computation. 

No llmltatlor.s of pJiysJoal death or early genetic death of the 
Individual under study have be^fi placed on the data shown here, since 
both these Umltatlona require Sh analysis of damage. We cannot overlook 
the possibility that ftt eertalh levels of contaainatloa or consumption 
physical or genetic dt-nth will the continuity of our data, as will 

any departure from th® size aiid oT a standard man. 

Establishment of a Criteria 

(a) The dotft to be pfeecnted should be In the most useful and 
general form applicable to the i'JbJcct matter. 

(b) Analysis of dajii*n^ occur at the various levels of 

body burden Is not to he attemp'^d; ho-rfever, co.-n-nent regarding damage In 
general will be Incorporated 10 depth to the conclusions. 

(c) Ihe development 0^ ® rational method for evaluating the body 

burden Is to be outllr.ed and The correlation of the values 

obtained by the use of this m'-'.i.'’’ those ottolned by empirical means 

will be discussed. 

(d) Ass'o/npMons oho/M be os a.-.d as reasonable as possible 
in order to maintain the IntegfMy of the data to be presented. 

(e) All values used .f®'' the various calculations shall be 
those derived from the iwst o-,*..orltatlve Information available. 








A5£W5Ptlon3 

(a) The biological decay rate used is that of a standard man, 

31r.ee the age and overall metaboUsn of the Individual vill affect the 
turnover and replacement rate of radioactive naterialo in the body, and 
therefore the biological decay rate, it is necessary to standardize these 
pararseters for the present study. 

(b) The contamination of an individual’s water supply takes 
place all at one time, and no further contamination occurs. The analysis 
of a fluct'uatlr.g contamination level would requlr« that we assume rates 
of fallout, wind direction and numerous other meteorological conditions. 

In order to retain the generality of our investigation we have taken 

a case in which weather and attack data were not applicable. cur/es 
say be added to each other if new contamination occurs (possibly from 
fallout from t different burst or fallout return from wind reversal), 

(c) The radioactive contamination of the water supply* is reduced 
only by physical decay. This assumption Is conservative in nature, since 
it disregards entirely the aniount of activity which might settle out or 

be consuned by life forms found in the water supply, e-g. plankton, algae, 
fish. 

(d) Effective decay rates, even if extrapolated from animal 
data, are applicable to man. In the absence of experimental data on man, 
the animal data used was the best available. It may be of In^’erest to note 
that many contemporary investigators are not satisfied with many of the 
extrapolations of animal body burden data that have heretofore bcc-n accepted 
as correct, or at least useable, for the case of humans. 

(e) Tne daily intake of water is constant and takes place 
inctantanec'isly. Virtually all of an individual's water intake occurs 




In Blxteen hiyara, and over half occurs in eight hours; however, the errors 
associated with this alapllflcatlon tend to be compensating if the Individual' 
drinking bnhlta are consistent. Foe teasona Of generality w are forced to 
consider that the sian under study is a creatul® of habit. By drawing a 
smooth curve through the dally points we linve essentially integrated 
over the time periods between the dally values sed have described a contln* 
uous function as if the individual had spreod lil® intake over the entire 
day. The combination of the two cffecta resuilc in a close approximation 
of the actual build-up of body burden. 

Development of a Rational Itethod of Analysis t’*' n°dy Burden for Continuous 
Consumption or Water Contaminated with RadLoRl'Mvo Elements 
Based on the Geiger-Nutall Lav of radioactive ilecay we may say that the 
aiaount of activity present at any time is eqiihl ^ 

A • A e 
o 

when only physical decay is coi 48 ldcix;d. physical decay constant 

for a particular radioactive element, and amount of activity 

Initially present. 

Furthermore, If only biological decay ic considered we nay say 

that 



where Is the biological rate of eliiii!nation constant. 

If ve define "Effective Half Life" pS* the time required for a 
radioactive element fixed in the tissues of all animal body to be diminished 
by fifty per cent as a result of the combined action of radioactive decay 







and bloloijlcal elimination, then ue cay say that the effective half-life 


D tolo^lcnl half-life x Radioactive half-life 
hloloslcal hall'.life + .'^dloictivc half-life * ^eff 

An effective decay constant ■nay be defined 



Let '.15 aasune initially that for any activity taken Into the 
body the entire amount will be fixed in tissue. It Is then apparent that 
imrocdlntcly before Initiation of consu'nption of contaminated water, the body 
burden lu ctjuni to whatever radioactivity Is present as a result of pre* . 
vious activity. For the doveloproent of our argument we shall take this 
initlol body burden to be zero and correct it in later developments for 
the caoe of Initial body burden not equal zero. 

'Ihc following reasoning n«y then by oppllcd; 

(1) Just before initiation of consumption activity in the body 
equals zero. 

(2) Iirmcdiately following the start of coucumptlon the activity 
in the body equals A^, that la, the activity per unit volume of the water 
(uc/ml, n‘.orao/gal, etc.) times the volume of water consumed. Since we 
have ncuumed that the amount of liquid is constant we nay drop the volume 
tvnn and ivlncorporate it later la the development. Furthermore, by 
coiuldci'lib'. A^ equal to unity uc ■•111 develop an equation which when 
niultlpllcd by the nctual initial activity will give activity present at 
any given df.;/ n. Wn 'wish to develop a plot which In Independent of both 
(imo'unl coiii'u.mcd and Initial activity, rjid is dependent only on the radio- 
irotopo In question. 







( 3 ) Iraaedlately prior to con6.r.;*,loQ on the ept’ond lay the body 
burden uould be 

\ - V 


and Juot after consumption the body burden la 

a: - Ae ^ Ae P 

AO 0 


(U) Just before consumption or. the third day U'® body burden 


would be 


<L, . AJ. . (A,. 


and Immediately following ingestion, the expression foi* I'O'V '>urden may 
be written 

-A 1 -X 1 A 1 A I 

« CA^e P )e P + (A^e ♦ A e P )« 


( 5 ) Continuing this reasonlne, a recursion roiv*"la lo developed 
of the fora 

A . A * s’' , - - . 

n o 


♦ e 


’^\ff ("♦l)X^l3 -nX.l 


-nX 1 

P-' . e ■■ P' ) » ** 


However, rather than deal with the (n + l) terms ncceBatuy evaluate 
this equation at n days ue simplify the c-i-'.tlon ns follO"'® 


A - A b ' f ) 
n o b - p ' 


where b • A e 
0 


\„U) 


and 


p - A^e 








(6) Thia general cxpreselon for lo the value plotted aa 
curve A in Flgurea l6 through 21. 

(T) We may nou Incorporate Into our foraula the portions of total 
tody harden which have thus far hoc-n neglected. 

(a) Since we have- concldcred A^ to he unity, wo may find 
the total hody harden by multiplying by the true original activity, 

Aq volume eonsuried dally, D, 

Therefore Body Burden, (^) - A^ x D(M^) x 


/ days of consumption * 
n body ' 


(b) The assumption that all the activity taken Into the 
body is Immediately Incorporated Into the Intestine lo highly Improbable. 
We may however, consider the amount Incorporated Into tissue ns a fraction 
of the ingested activity reaching an organ (f^) and multiply the body 
burden of (o) above by f^ to obtain a more reasonable value. 

Thus Body Burden.^ ^f xA^ xDxA 

*1 w o tnifl n 

Gome values of f^ for Isotopes under consideration are given In Table 

(c) While reducing the bedy burden by the factor f^ we have 
neglected the activity, which Is present In the intootlnnl tract 
on day n. Thlo activity Is aa addition to the body burden, therefore: 

Body Burde;i„j - f^ x A^ x D x A^ + A^,, 


where by the reasoning and definitions previously expressed 


*c: • <’ • fwX*. 


o true 


A Jn-0.25) -1.25)v 

^ )(e n 






since the tine required for Ingested material to pane through the body 
IB 31 houra or about 1.25 days, the tern la strictly transitory. 

It Bay or BMy not be negligible depending on the period In which It take* 
place. On the flrat day, for example, it would be llic largest portion of 
the total, but by the time the fractional half life (n/T^) Is equal to 
one, the tern may in some casca be considered negligible, (n equals 
time In days since beginning of consumption and equala radioactive 
physical half-life In days.) 

(d) The only tern still missing from the mathematical expression 
Is that for the activity present in the body at the lime drinking of 
contaminated water started (Aj). That which was ali\ady present in the 
tissue at time of Initial ingestion will, after a di^o of effective decay, 
equal 




V 


e 


ff“ 


That present In the gaatro-lntestlnal tract at the time of initial Ingestion 
will give an additional activity equal to 

where A^ Is the prc-lngestlon activity In thp intestinal tract. 

(8) After combining the various components, the expression 

for budy burden from any particular radioisotope at day n may be written; 

A (n- 1 . 25 ) - 1 . 25 \ 

Body Burden ■ 

true* ^ 

•’‘•re® 








The full cxplanattoa of this developaent lias been presented in 
order to allow the user of the quations to decide which, if any, tenas 
QEty be neglected for any specific analynle. Should the individual in 
question be an average IT. S. citizen vho has sought shelter during an attach, 
the tem 

*I • ^.*0 ' ^ • S 


will for practical purposes equal zero. As previously noted, the value 
of Agj will genorully be negligible after a relatively short period of 
consauptlon. If the (A^ ♦ A^^) and terms are dropped, the practical 
expression for bods- burden is (f,)(A^ true^^®^^*n^* ^CI howe\*er, 

nay be of major Importance when the physical half»llfe lo much greater 
than the effective hoLf-llfe, 

It must alco be stressed that to evaluate the effect of 
A^ and Ajj on any Individual that individual's history of exposure to 
radiation must bu Xiurwa. It is only by thorough kno-zlcdgo of the develop* 
ment of this rational method that one may make a rcosonablo calculation of 
body burden. 

Reduction of Bo<ly V-urden by Blocking 

It has Irv-n found that in certain coses uptake of rodlolcotopos 
may be reduced by biological blocking. For example, by nUministerlng a 
soluble, non-toxle, inert compound of iodine one can prevent uptake of 
radioactive iodine by the tlyroii. Ten to one hundred milligrams of 
potassium iodide InXcn at one time will prevent the uptake of any more 
Iodine, radioactive or otherwise, by the thyroid for about one week. To 
continue this cffe>’t • it i» believed that on additlor.al -'.00 mllligrtuas every 


two days would be jvqulred 


( 77 ) 


Blocking Icr.ers the voluo of in body 


-ItT- 

burdea calctilationt. 

Id the ease of Strontium 69 and Strontium jC, which behave like 
ealclua, it la believed that bloehln^ mf be coopleteZy or partially 
accomplished by consuming a calcium compound far In excess of normal 
requlrecents. Ibis Is, however, a conclusion made oz the basis of extrapo¬ 
lated data; the only case In which It has definitely ceen proved that blocking 
Is effective Is that of Iodine. 

Should the body be initially deficient in a given stable isotope 
(possibly from deficiency of a common mineral In the pre-lngestlon diet) 
the value of f^ for the radioactive Isotope of that mineral or a chemically 
.tlmllar talneral may be increased because of the Increased affinity of the 
body for that mineral. 

Blocking should not be conoldered a panacea to the problem of 
body burden, since It may result In the cure being worse than 'Jte disease. 

In the Iodine example, for Instrmcs, the prescribed uounta of potassium 
iodide constitute a daily Input of Iodine Into the blood one thoussmd 
times nomal. Although it Is believed that for the majority of the U. 8. 
population this treatment would not be harmful for t-vo to three weeks, 
the secretion rate of the thyroid Is decressed. Cxt'erded treatment will 
produce other still more harmful side effects which bave not yet been 
fully evaluated. Blocking, however, may play an important role In com¬ 
puting body biirdcn valuco ond should not be overlooked when selecting 
values. 

DIbcusbIoo 

(1) In Figures l6 through 21, curve A glvei the voluo reoultlng 
from the effective decay rate. Curve B, Included for pirpoeea of comparloon, 
represent6 the rate at which physical decay alone takei place. It seems to 





point out that because of the body's tendeTjcy to ellnlnatc certain radio¬ 
isotopes, or not to incoi^rote them Into tissue at all, body burdens are 
significantly lowered. 

(2) T-ible XXW gives a fev selected values of for six 
radioisotopes and various organs. These are values which result from a 
normal uncontaminated diet. Values of f^ =ay vary from this table according 
to the excess or deficiency of certain nine mis in the body. Note that the 
concentration of specific isotopes must be kcar.x before body bui'dcns can 
be computed. 


Tobin XX. 

Selected Values of f^ for Various Organs 


Isotope 

Organ 


8r®9 

Bone 

2.5 X 30’^ 


Bone 

2.5 X 10'^ 


Kidney 

2.0 X 10' ■ 

ll3l 


2.0 X 10’ 

Ce^37 

Whole Body 

1.0 X 10° 

C,137 

Wver 

4.8 X lO”' 


Done 

7.0 X 10*‘ 


Hotes: 

(1) 'Ihe f^ values shown are for critical orgaxis. The critical 

organ will determine the A since It Is the one used In computing \ 

fl €xr 

(2) The f value for the entire tody Is the riurjaatlon of f 

V W 

values for all the Individual organs concerned. 
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fftACTIONAL HALF-Lire 


Figure l6. vereuo Tiiac for Iodine I 3 I 
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FRACTIONAL HALF-LIFE 


Figure l8. A^ versua Tine for Stroatlxim 90 















Figure 19. versus Time for Rutheniua I06 


wufc^^fv» ^ ym m% 



































L 53 












-ISJ*- 



1 7 

FRACTIONAL »1ALF4.IFe 


Figure 21 . versus Tljnc for Dorlum iM) 
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a 


eaplrlcal constant for eubllmatlon or vaporization reaction 


radioactivity after cone perlc<^ of decay 

radioactivity already present In the Intestinal tract at time 
of Ingestion of contaminated water 

radioactivity preoent In the intestinal tract at soce time after 
Ingestion of contaminated water 

radioactivity already incorporated Into body tissue at time of 
Ingestion of contaminated water 


a parameter of the effective decoy rate In the body of a given 
Isotope 


Initial rSidloactlvlty per unit volume of contaminated water 
taken Into the body 


(o f Nk) 

(-%! A 
10 ^ 


a 


radioactivity present In body tissue resulting from decay of 
that activity Initially present In tissue (A^) after some tlae 
of effective decay 


activity at time t 

activity. In disintegrations per second, of the radionuclide 
In a target, after the nuclide haa been removed from the flux 
for a period 0; 

radioactivity incorporated Into tissue from that activity originally 
present In the intestinal tract (*o) 

cloud horizontal semloaxls 


a fireball horizontal ceml-axls at ground zero 

o 

a^ fireball horizontal seml'oxls at Z 

B empirical constant for sublimation or vaporization reaction 

B ratio of fission to total yield 

Body Burden radioactivity incorporated Into body tissues os a result of 
Ingestion of radioactivity 


b 


cloud vortical eeDl«axla 






c 

D 

D 

°X 

d(t, 1) 
PD^(t> 

PPy(t) 

f 

e 

b 

V‘) 

i,(t) 


k 


k 

k 

a 


GiOBS;ixe 

(Coatlsuad) 

firebaLl vertleal seml^tult at ground zero 
fireball vertical seal-ttlB at Z 

empirical constant for i'^bllmatlon or vaporization reaction 
InstiruBient response factor 
dally water intake, vol'jna 
exposure dose 

decay correct ion factor for H ♦ 1 hour 
fraction of device CQntoijr ratio 
fission-product contour ratio 

thermal fltix in neutrorj per square centimeter per second; 

fugaclty of the element in the liquid phase 

a coefficient i’Olatlng in,7ented radioactivity to Body Burden 

acceleration due to grertt/ 

cloud center height 

fallout Intenelty at time t 

air ionization »'ete per fission at 3 ft above an. infinite, 
ideal plane Cot e ualfcm distribution of the normal fission 
product mixture 

air ionization rate per fission at 3 ft above an infinite, 
ideal plane for a unlfora distribution of the condensed 
fission produdi mixture 

air ionization rate per fission at 3 ft above on infinite, 
ideal plane for a unlfcca dlstrioutlon of the neutron induced 
activities 

relative abujidance of tie isotope from which the radionuclide 
is fomed 

arbitrary conSlftht 

fireball horizontal st-cl-oxls expansion constant 
fireball vertirni seml-^zls expansion constant 
Henry's Law coJlptant 
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n 

n(/) 
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Inverse time constant 
mass contour ratio 

mass of fallout per unit area at any dovnulnd distance, X 
mass 

dlslntcf^ratlon multiplier 

the total number of atoms of the elenent In the target; 
number of atoms, or moles, of fission products per unit area 
mole fraction, of element J la the liquid phase 
mole fraction of element J in the vapor phase 

number of atomc(of the end :£cmber of cass chain and cond'.nccd oa 
the outside of the particle) which land per square foot of grourid 

number of molco of vapor 

total moles of liquid carrier 

abbreviation of 

amount of element J condensed on the S'urface of the solid 
particles 

amount of element J In the vapor phase 
abbreviation of 

number of molco of element J with mass number A dissolved 
In the n(/) molco of liquid carrier, which la the particle 
In the liquid phase, prior to solidification 

number of molco of element J with mass number A, which Is 
mixed with molcn from other mass chairs to form n moles of 
vapor and not condensed In the liquid carrier 

empirical constant In particle falling velocities relation 

sublimation or vnporlzotlon pressure 

partial pressure of the liquid 


‘'JA 

<1 

B 


r^(A. t) 
r;(A, t) 
r^(t) 

T 

T 


>ff 


t 

t 


V 

V. 


V 
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sufcllmatton prrsrar* 

‘'V’-J' '3 


«mplrlc&l constant in particle falling velocltlea relatloa 

terrain shielding factor 

molar gas constant 

initial flrehall spherical radius 

fractionation numher of the first period of condensation 

fractionation nuaher of the second period of condensation 

gross fission product fractionation number 

absolute temperature 

half-life of the radionuclide formed 

time required for a radioactive element fixed in the tissue 
of an animal body to be diminished 50 per cent as a result 
of combined action of physical decay and biological elimination 

radioactive (physical) half-life 

tlxK of Irradiation 

tlM 


time of arrival for particle falling out of the cloud 
time of cessation for particle falling out of the cloud 
particle falling time In the fireball 
particle rising time In the fireball 
molar volume 

average particle falling velocity 
vlnd velocity 

Instantaneous particle falling velocity 
weapon yield In klloton TNT units 
longitude axis In ground coordinates system 
longitude axis In cloud coorllnates system 


X 
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latit'ude axle In ground coordinate systea 

total asount of mdlontxelldes for the entire chain yield of 
=C33 niKfcer A 

total nny.int of radionuclides of olerfct J present ftt time t 

total number of atoms of elecent J of all cass nuriVrrs 

naxin’n half-width of the cross'.'lnd distance on a 1 r/hr 
contour 

latitude axis In cloud coordinate systea 

amount of radionuclides of eleaect J and nass number A 
present at time t after fission 

number of atoms of element J of nass number A not condensed 
In the liquid carrier 

altitude axis of ground coordinate ayatea 

yield dependent nultl’/iler In fireball altitude equation 

altitude axis In cloud coordinate systea 

scaliest Intercept of j;virtlcle falling slope with cloud 

largest Intercept of partnle falling slope with cloud 

particle size parameter 
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X/h 

a constant expressing the biological rate of elimination of 
radioactivity 

a constant expressing the rate of attenuation of j-ad I ©activity 
In the body as a result of both physical decay and biological 
elimination 

disintegration constant; the fraction of the n'jimber of atoms 
of a radioactive nuclide which decay la 'jjiit time 

activation cross section In square centimeters for m/scc 

neutrons 
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tlae of decay 
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AFPErm.'rx A 

E<;»rpt£ f'-OT Q'i-,rt. -:r ly Te.cpfi-.cdl Pr^pcrt 

F• rivlltalt.r.ry ivaluatiort at W;.t€f 'Supply Cortta.T.ln '>t l.~r. for Selected Cities 
1. Tr.trcdt.c^lon 

’r. order to have some tasls for evaluating tho relative hazard of 
nuclear fallout to the vate.r supplies ot dirrerent cities, attacks have been 
nsouned on each city thv-t vovild result in the sitr.c Intensity over each 
watershei Invol/ed. 

From this, the coats.'clnt tion of i he vnter due to the soluble portion 
o: the fallout has been ealcuititfed for K 1 hour. Simplifying aseuaptlonE 
wen? made In regard to an fi.vorage intensity over the specific vitc-rtheds and 
Co to the time factorc involved. Thoco ssctjnptio.''..; were msde to provide a 
hnsle for the cnlculatlons of the acti’ Ity concentiitlone shown in Table IV. 
Iheso values are shown principally to d'..T.ntirtfu.te the apprcvrch being taken 
5nd to give S.'S idta of the maxlmuis cotitamlr.titlon that could be expected 
immediately lollowlog a n-jclear emergency. 

The approach to he taken in future study will be more specific, 
Factors th>.t will be taken into account to give come'hat more reasonable 
vrIucc, will bs ■. 'l) a realistic supf.-rimposlt Icn of Intensity contours upon 

tho tp)cciric wutcruheJv with regard to sv.tonal wind directions and target 
oitof., (i) cor.iidt riiiou of decay factors to gl.c e.^p'Cted activity at times 
l.utcr thari ’1 + 1 hour, '.3) consider* tlon of vor-. r. heJ characteristics such 
as rjsoff co .^1 f Iclent, fccd-ctrcom .-clocltles, jv-Civoir draft, trenuport 
p*.*^nO'iM.-n; , and recervolr mlzlng prop<. it lus, .'h) ir.tfgratIon of intensity 
cento,.rj to glv-’ k more proclre value for up. c'.fic isctoplt activities on 
t''e vaterune.i I'.rd (5) a conversion of Icteiislt/ to activity for sites off the 
da,r.vir.i ixio enploylng a kr.owr. rcltitlonuhlp to the predetermined values 
dir»'c‘.ly du>„r.wlr,d. 
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Tsble r/ 

Ao*,lvl^y C-'^r.Jcnt r'^tlons ir. Vi'jti*r ~Selected 

Folio-. :;x ; M- nttacka 

Ka1 ion--clids lorc<;r.r,r?.tIon ir. Vizier (uc/nl) 


1 r;.' 

Sr -89 l:-.90 Rt-llc l-l 

.31 

0 :-:?- :a-i;-o 

T -f.-.cr 

I 

2.7 X lO*-' 3.- X 10*3.0 X 10*- 3.-0 X 

10 *^ 

1.9 V 10** 3.3 .X 10*2 

1 ->10 . 

II 

f.i X 10*^ 1.6 .. 10*^ 5.6 .V 10*- S .7 


3.5 X 10'- -•! 

" * * -It h 

f 

7.3 X 10'*' 7.3 X 10*^ 8.3 .X 1?*' 8.0 x 

xo*-’ 

I 4.9 .'. 1 :*' 5.7 X 10 *^ 

M-. i.n . 

li 

'Tot Applicable 



It.;, to;; 

.. 

U,5 X 10*^ 1.1 X 10*5 5-0 X 10*' 5.0 X 

10*2 

3.1 X 10 * ■" 3.6 X 10*2 

le/s.= 

:i 

14.5 X 10*^ - 1.1 X iO'- 5.0 X 10*' 5.0 


3.1 .X 10 *' 

■ow lork 

I 

10.1 X 10 *** 9-3 -< lO**’ i.l X 10 ’** 1.2 X 

10*2 

7.2 -.K 10 "' 8.3 X 10 *^ 

U. Y. 

11 

3.2 X iO*^ 2.9 X lO"** 3.5 .x !>'' 3..t .< 

10*2 

2.2 X i:-"* 2.6 X 10 ** 


;prlr.gfleia I 1.2 x .10*^ 1.; x 10*^ l.U x lO" l.U-x lO" 8.^ o. 10*" i-.O x 10 " 

« P ll, ^ *' • ' 

II 9.3 X iO 8.5 X .0 1.1 V 10 *- i.i 6.5 x lO"* 1-6 x 10 ‘ 
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By employing the ftforementloned characteristics and variables. It la 
believed that activity concentrations will be reached that would approach a 
realdstlc case. 

2 . Calculation of Ac* Wlty Concent nation 

The calculation ol* concentration of activity used In the preliminary 
study Is based upon n cor.s Iteration of the aiea of the water surface, the vol-ume 
of water, and the total watershed area. In the case of Duluth, Minnesota, where 
the entire Municipal water c'ipply ic obtained from Lake G-upcrlor, only the depth 
of the lake a. the Intake p<.»lnt was considered. 

Current tnfonaatlon the charnctcrtotlcs of the vatcrchcds was obtained 
in each case from officials of the municipal water supply system involved or 
their engineering consuitniitM, DaU used In this report Is tabulaccd In Table VI. 

TABLB VI 

CharnctoristlcB >. r Watcrshcdo Gcr\'lng Selected Cities 

Total WM<erchcd Total Water Total Water 


Denver, Colo. 

Area 

JU 


Sixrface ( 


Volume 

(liters 

8.29 

% 


U.36 y 


2.3U 

X 

10^^ 

Houston, Tex, 

7 . 8 »t 

A 

10^*" 

7.85 X 

10» 

2.50 

X 

10'^ 

New York, M. Y. 

k. 2 h 

A 


1.37 X 

10^ 

1.90 

X 

10^ 

Springfield, Hass. 


A 

10^ 

1.68 X 

10^ 

1.97 

X 



Afl an example of procedure used, the derivations of the concentra¬ 
tions In the Denver, Colora-t' voter supply prior to any municipal treatment are 
presented here In detail. 'Jl'V other cities listed In Tnble TV wore analyzed In 
the same manner as Denver, »-oapt for Didulh which Is presented separately. 
T'cnyer Case I 

In case I, only mdloacllve fallo-at deposited directly on water 
surfaces was cousldered ai "-o source the water contamination. The following 
asoumptlons were node prlvr calculation. 
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1. 5 MT bomb attack. 

2. Wind speed of e^. 

3. .Ji intensity of 5,500 r/hr o/er the entire watershed. 

J*. Cocsplete homogeneoui; soltitlon of the soluble portion of the fallout In the 
water within one hour. 

5. A ratio of ooluble radioactive atoas per square foot to intensity was 
chosen as that value for each Isotope at 51*5 niles directly downwind. 

C, That there will be no chsmge In concentration of radioactivity cither duo 
to reservoir draft or feed-ln. 

Y. That only Sr- 89 , Sr-90, Ru- 106 , 1-131, Cs-137, and Ba-lUO would be considered. 

8. That the volume and area of feed streocs will not affect the final concentra¬ 


tion appreciably. 

The soluble activity density, for each of the six ,'sotopoo being cod- 
Bldcred, In atoma/ft^ was calculated as follows; 

Given; I(l) • 5,500 r/hr, 


Hl(09) YO / 2/ / 

• 6.17 X JO’-'^ atomo/ftyr/br. 


Wl(90) j^q / 2/ a. 

^^ ■y- m 11.1 X 10 atomc/ft I r/hr, 

— - 1».07 X 10 atows/ft Jr/hr, 

vliiyi) 10 ,2/, 

- - 3 10.7 X 10 ntois/ft Jr/hr, 

10 ,^ 2 /, 

. y^y ■ • 9.19 X 10 atonc/ft jr/hr, and 

Nl(1**0) ^0 / 2 ^ / 

■ 12 .- X 10*’ atons/ftyr/hr, 

wher# the subscript 4 Is the value of the pnrtlcle size parameter, «, correcpondlrg 


1*4(1.37) 10 

- - 3 10.7 X 10 atom. 


to the dovnvard dlctence. 


By multiplying 5,500 r/hr by Nj^(A)/l(l) for each Isotope, the total 
number of soluble atoms of each Isotope per 6<^iiare loot, t^(A), will be obtained. 
'Ibis value for each Isotope vas found to be na follorfsr 

<(A) - 1(1) 


Nj[(89) 

m 

3 .I 4 O X 10^** Btoras/ft^ 

\{9C) 

m 

6.10 X 10 ^*‘ ntoms/ft^ 

mJ( 106 ) 


2.60 X 10 ^'* ntoms/ft^ 

\(Ul) 

■ 

5.09 X 10^*‘ litoms/ft^ 

N^dS?) 

• 

5.05 X 10^** atoms/ft^ 


• 

6.82 X 10^** Btoms/ft^ 


Multiplying the hJ[(A) value for cqcIi of the Isotopes by the total area 
of water surface will give the total number of atoms, N(A), of each isotope la 
soluble form, deposited in the water. 

h||(A) X Area - II(A) otona 


N(89) 

■ 

3.1*0 X 10^** X 1|.30 X 10® 

■ 

ll* .0 X 10^ 

N(90) 


6.10 X 10^** X 1|.30 X 10® 

■ 

26.6 X 10^ 

K(\06) 

V 

2.60 X 10^** X 1*.36 X 10® 

• 

11.7 X 10^^ 

N(131) 

9 

5.89 X 10^** X lt.36 X 10® 

• 

25.7 X 10 ^ 

N(137) 

• 

5.05 X 10*”** X l*.36 X 10® 

• 

22 

22.0 X 10^ 

N(l«*0) 

• 

6.82 X 10^^ X <*.36 X 10® 

• 

22 

29.7 X 10 


atone 

atoms 

atoms 

atoms 

atons 

atoms 


Thus knowing the total number of soluble aturiB i>f each Isotope; division by 





t3ia total vcter volime, T, In liters vtll glv» the eoneentratlon crt each isotope 
In atooa per liter. 


C. ■ tl(A) atoais 
V mSr 


» 

Ca 

a 

It .8 X 

10^ 

• 

6.33 X 10^^ 

a? 


2 . 3 I X 

10^ 



« 

c^ 


26.6 X 

10^2 

• 

U.4 X 10^^ 

90 


2.3t X 

10^ 



* 

c 

• 

11.7 X 

io"2 

• 

4.95 X lo'-^ 

io6 


2.34 X 

IT^ 



# 


25.7 X 

10^2 


« 11 

®131 

■ 

2.34. X 


m 

11.0 X 10 * 

c* 


22.0 X 

10^2 

m 

9.40 X 10^^ 

137 


2.34 X 10^ 



C*i 


29-7 X 

,.^2^ 

10 

m 

12.7 X 10^*' 

1*»0 


2.34 X 10^ 




ter 


< 0 


We may now convert the actlvi^ In atoma/liter to mlcrocvurles/ialllliiter 
(pc/nl) using an appropriate conversion factor for ©nch isotope. 

First, to change froa atonb/llter to dlslDtegratloMS per nlnute per liter, 

> ♦^he following relationship is used. 

°e • (22) 

Where! > Concentration of activity in iym/i, 

■ Concentration of activity In atoets/i, and 

^ • Characteristic tlse constant defined ty the equation 

\ • 

Vz 

Where: • physical half-life of the apeolflu Isotope In ntnutes. 
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1 ? / 

Slr-c* -tere are 2.22 x 10 ' dpn/curie, a consteint for all iDotopeo, 
dlviGlon of -y this valu** will give thi; oonccniratloa In curUo/liter. 




‘ 2.22 X 10^ 


2.22 X 10 


15 


where is th? c-j^ccntration of radioactivity in curies per liter. 

Multiplication of hy 10^ will convert curics/liter to mlcrocuriej/ 
milliliter. Tie entire conversion factor for each Isotope is then 

\ 


K. 


2.22 X 10"^ 


The cjcverslon factor, for each of the six isot.opeii being atiidled 


ate; 


Kg^ - 4.25 X 10*^5 


90 


^106 


>^131 


2.12 X 10 


• 5-95 X 10' 


'17 


16 


2.72 X 10 


-14 


- 1.93 X 10 


Vo " 


■17 


•14 


By Eultlplylng each tonvcrr.lon factor hy the rcspectlvo concentration 
of each isotope Ic atoms per liter, the following values wore obtained. 

0 ( 89 ) - 2.7 X 10*^ uc/ml 
C{50) - 2.4 X 10'5 wc/nl 
C(l06) • 3.0 X 10*** uc/ml 
C(l3l) - 3-0 X 10*^ iic/al 






CaM n 


C(137) - 1.9 X 10 ^ ncM 
C(lUo) - 2.2 X lo’^ uc/ml 

In this caae the soluble fraction of the fallout particles deposited over 
the entire watershed was asauncd to have been transported to and homogeneously 
dispersed In the streams and reservoirs. Other assamptlons were the carae as 
for Case I. To continue the Denver example. In Case II, the watershed area of 
8.29 X 10 ^® ft^ was multiplied by the value for each Isotope to give the 
total number of atort .3 of each Isotope. remaining calculations were cairled 

out in the sane fashion as for Case I. 

Duluth. Hlnp. 

The entire water supply for the city of Duluth Is obtained from Lake Superior, 
and hence, this situation is different from that at the other cities studied. The 
Duluth Intake line extende out II 56 feet Into the lake and terminates at a lake 
depth of 72 feet. The falloxrt deposited over this Intake was considered to be 
evenly dispersed throughout this depth of water, and from this assumption the 
number of atoois per unit volume and subsequently the activity In uc/oil was calcu¬ 
lated. 

j. Conclusions 

In all of the cases thus far studied, the time foctor has not been considered. 
Even at an assumed wind velocity of 15 nlles per hour, a number of hours would 
have to elapse before the arrivol of particulate mntter at the far reaches of a 
distant watershed. Even If the material landed directly In the water, much more 
time would be Involved In transportation In streams and through reser/olrs to the 
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lnt,ake of the water wUi'Ka. There would be further delay la getting loto streaas 
thoae partlclea deposited Initially on diy surfaces. Another delay would be la 
the occurancc of mULfttU of sufficient Intensity to dissolve and/or wash thla 
naterlnl Into Dtrca.-f,s. All of this tlr-.e will alio-- radioactive decay to proceed 
thus a.T.ollomtlng the hazardous effects of the fallout. 
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I. I^ contaolnatlon of U&ter Suppllt e* 

1. Removal by Convfcntior.aL Mp.ter 'Jfea\,"ient Proci^psea 

Coaventloonl muntclfal water purification proceseee generallv‘ iBcluie 

aeration, eheatlcal coag-ulatlon with scdlmentr'tlr.n, rapid sand flltratlou ond 
( 79 ) 

chlorination' . To a lesser extent, llme-codt. osh sC'ftenlnp and :lov taad 
filtration are used. Fxcept for tenitlon. Ihc procect’cs arc capcdile of removing 
radioactive contamination to some dcitree, eltlier iilngularlj’ or In combination. 

•Rie decontamination capability of each tyi.c of pj-occss la discussed separately 
below, with particular reference to tho six clomcnta, barlun, cesium. Iodine, 
lanthanum, ruthenium and strontium. 

a. Chemical Coagulation 

'Rje most coocaon coagulants in water treatneut, aluroinua and iron salts, 
fon» aluminum or ferric hydroxides which precipitate as floe. The chemical 
floe acts as an efficient scavenger by adsorbing, entrapping or otherwise 
bringing together svuspended natter, particularly that which is colloidal In 
nature. The artificial increase of the alkalinity In woter may also fora the 
hydroxides of hca''y metals, which co»prcclpltate with the aluminum or ferric 
hydroxide. 


OBNL 


( 80 ) 


Coagulation, followed by sedimentation, has been extensively studied by 
with rcj.-i-tcd removals of only 3^^ and 51^ for Cs and Sr, respectively. 


It appears that the method is effective for the removal of suspended or colloidal 
material ar.d for moet cations of valence 3, or 5, including tha rarc-earths 
group. Removals In excess of 98 ?^ have b.,'pn reported for r»32 as the 

. ( 8 i)( 82 ) 

orthophosphate' ' 

( 83 ) 

Removal of Ea, I and La by coagulation was Investigated by Lacy , 
with a maximum of 70.71^ found for both Ba and La, but only U53t for I. 


References begin on page 1^5 
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KatBuraiira^®^^ 

coagulation. 


states that Ru can be removed u-p to 9^^ by chemical 


b. Rapid Sand Plltrattog 

The amount of rridlonctlvlty removed by filtration vlll vf-iy .lej» r.ili'.c; cn 
the nature of the trvnterlal. Y cad Zr, probably prcc-c-ct in the colloidal ^ta'e, 
veie removed from up to 93^ by sand filtration alone ls reported in a com- 
preher.flve ClCfL report^^^ whereas materials such as Sr and Cw (“iOt) 

present in true nolutlon, were not greatly reduced by p3i.sa.ie through siuid 
filters. Tliey further reported that Pa and In could be reiroved up to 9/'^- s.'.d 
IH. respectively. 

No data were reported on the removal of I or R» by rapid auad 
flit ration. 


c. Chlorination 

Hannah, et etudlei various methods for the rtrao-eal of "•131 

from water, and found that email docagoa of chlorine in the presence of 100 ppm 
activated carton produced v:p to Oo^ removal. The authors^®^^ concluded that 
the only effective method found for rc-movlng 1-131 with materials normally 
available in water treatment plants involves chlorination follo-rfcd by eduerption 
of liberated Iodine on activated carbon. The o ptimum chlorite doenges were 
quite email, l.c., O.OJ to 0.1 ppm. The removal of 1-131 decreases to less 
then when the docago of chlorine Incrcaccs to Ippre. Therefore, normal 
pre-chlorination employed by the water treatment plant could not be u;‘ed for 
lodlr.e removal beca'we the chlorine rcnlduals would generally exccf i Ine re¬ 
quired dou.nge for activity rcmovul. Stable Iodine, in doragen gre'Oter than 
0.01 ppm, lrihlblt<-l removal of 1-131 with chlorine and A-jua ’iuchiar A 
(actU'taled charcoal). Variation of pH, achieved by adding sulfuric acid and 
lodi'^ hj'droxide, was found to have little effect on the removal of iodine 
by chlorine and activated charcoal. 








d. Ltne-Soia Aah Softeatag 

Softenlo^ plants iremov® excessive sajunts of scale-forsdng, soap« 
conoumlog compounds, chiefly comprised of tL/; .uitlons of calcium and nugnesluo, 
hy the addition of Lime and soda ash vhlch precipitates calcium as a carhonate 
and magnesium as a hydrate. Because of tke similarity in the chemical picpertles 
between str'^atium and calcium, the fonatr Ion is co-proclpltated. For most 

(o ) 

satisfactory removals of strontium, Poyt found that excess dosages of both 

. (On ) 

lime and soda ash were required. Ben-oval efi lclenciea cf 99*7? are 

possible under favorable conditions. Other Isotopes which can be effectively 

retnoved by the llae-soda ash are: 3a, Cd, T, Sc, Zr and Nb. The removal of Ba 

/p— S (p ^ 

(99?t) and La (905t) was reported by McCaulci', et al ' ORRL ''' reported 
fnat Ca could-be removed by lime-soda softening, tut not efficiently (255^). 

e. Slow Sand Filtration 

Downing, et al reported that the slow sand filter was very 
effective In the removal of radlostrontlum in the first few days of operation, 
but that the rfflclency decreesed rapidly and essentially drops to zero at lU 
days. In another paper, presented by Sden, et al ', on experiments carried 
out in the sane Water Pollution Research Laboratory In Britain, the slow sand 
filter appeared to be effective for only a few hours. The activity of the 
effluent rose steadily and reached 305t of the Initial (unflltered) water la 
one day, in 2 days, and 955t after 7 daj-s, Eden, et nl also reported 
that iodine was not efficiently ( 50 ?^) removed by the slow sand filter. 

2. Removal by Non-Convent lonal Treatne-tt Methods 

Below are listed several methods of decontamination of water not 
commonly employed in municipal treatment plants. Economic considerations may 
limit the use of many of these methods, except In emergency cases, 
a. Ion Exchange 

A few water treatment plants use loc exchange as a softening measure. 
Resins have been found to provide one of the cost effective methods of 





decontenlnatloa. Over reacvsl of 3a., Cd, Ce, Ca, 1, La ead over 9S^ 

renuval of ? and '/.r vuo ijiUJtad by OKfu ^ «cd Arepalett and Semittoa ^ 

U s 

reportea voric oclng nlx-rt beds. A decoiitaailratlon factor Of 10 to 10“^ aay be 

fe- ) 

achieved if Ic'Jiaae ic »• JInatural greeocaade, used In 
eocoe municipal co<'t 2 tilH(j; Mu-tallatlone, nn* cot effective ta the reBio%’al of 
anions. 

Alth//j>;h the Ion BxnSaujj.; pmceon offern one of the cost promising 
methods fer rojcvlng rr-lli^—-ootamluantu, the cost ca,y preclude widespread 
cpplleetion icvlcsc culLei l'^ regeneration teahnl^iues axe developed. 

?he pc-xllUlty of using r.oae vatcr ooftenoro, of the loa exchange type, 
hna teen dlcc jcricd In tli- lltcrat-jre 
b» Phosphate (i)<» j*'-.*l fttton 

Heca-cne tho conventional method employing al’an or Iron salt as the 

/Q*| \ 

coaj{ula.nt does not efrectiv*:^ toowve Sr end man>' other Icotopeo, Laulcrdale ' 
Ir.veRtlgnted phnuphafco oedff^latlon as a moans of increasing removals. A more 

/t-) 

compi'ehenslvo study yoe ir*"lo later by h’csbltt, et al . Based on the 

/ c' 

theoretical ctno Ido rat loiif*! experimental observations, Nesbitt 

concluded that the ne.d.arJ(""b of the removal of rudioactlvit/ are coprccipltatlon 

and adsorption. I:e.:bltt I'fpc.’tcd a strontl’ja removal. Hhe three variables 

vhlch wort fo-.uii to excit Ihe greatest lulluence on coagulation '/ere pH, 

'.I’js cor-centratlon, rui'J phoaphr.l.e concentration. Careful control of there 

varlablfo ves neceu.aary to achieve optimum etroiitlum rcnjvals. 

( 9 '') 

Tam’xa ard Struxiei'a reported that Vr-r cost nature! phosplittes 
could be 'JuoJ In place of pho3pt..ate. The authors reported that over 

yCjt removT.ls vc-rc achle-'-."^ vlth theoa Blncmls. 

Purmovol of I'r-i 9^^ for Li rr.d for Ru have boon reported 

by Katcuarum K 'Jjvr'.'l- ^ ri.port o.nl;. reiw.'al of Cs using 


pi;o:ipl«xtc corgulatf.on. 



At leaot two nodli'led coagulutloa processes have teen studied, one of 
.> I '.h Is the continuous addition of cley. C::c aiodlficntloa of the piocess is 
the addition of atoo'jLnts of silver nltmte to incrc-aso the rcmovil of 

The romovnt of 95*51^ I-I 3 I has teen reported by Edoa, et al ^ 

lacy and de Lagu-' rcpDil; reiurralc of 99.Tf- lor E-a end Cs, and 

for !hi vhea cojg^ilatlor. is cupplemested ty cloy addition. Co.'ser, et al 
vi.rlr.g a llme-coda aah softening process with the andltloii of cluj', reported 
r,i',).onlvjn reivovnls of ^6%. The removnl of cesium averaged 66^ vlth clx-y doses 
of -'’00 ppa. 

d. Hetalllo !>.. 3 te 

I.acy'' ' conducted laboratory Jar^tect studies for the removal of 
f/i'lloHctlvo contomlnanta by employing various ccnaer.fci-attons of jo'Mered 
Mi'/ntnujn, copper, Iron ar.d slaj. la general, highest reaovsls were obtained 
vjth iron powder, fieaovals of 37.2^t of Z vc.re reported in I 9 &, a 

pf.l ciit van granted to Sllker ^for removing ?, As, }-5n, the rare earth metals, 
jj.iid e.ctlr.ldes from aqueous solutions by sorption on pai-tlftlen of alvadn-um metal. 

e. Cl ay Materials 

Straub, et ol and others xl®y ,lC>t} ^^Ykc use of various 

typ^u of clays (kaollnltw, roontnoriJlor.ltc nrid shales) for the removal of 
i piii’.iric rudlolcotopes from water and vacte aolutionc. 'Ihe clays vere found 
t(j >.o espci'lnlly suitable for the removal of Cs, 7.r and Ilb. With the addition 

/Q-c\ 

of ‘^,C00 ppm of clay, removal of over 98 ^ of I'u vao report’d ' . Amphlott o-nd 

v„'jiiir>iin ^reported 9?5^ removal of Sr. 'U.I j method wsa r.ut be economically 
j w tll'lci besauce large volumes of cla>- must be hondlel both Initially and as 
r. '.c.^ ainiiuttcd sludge. I'nla rocMicd haa its greatest potential use where 
gr 'i'lglc Rr.d hydrologic conditions arc sueh that the grorund Itcelf may be 

1 for dlspof^l of the eludge. Studle.a have also been made ^ on the 

upo of clay for high level vnctc dlspocjJ. by fixing spi^clfic radioisotopes 
|„' c. clay by ricuts of .Ign temperature treatient. 
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f • Oxldatlon-T^eductloa 

This B^thod was especially designed to improve I,\i reiaoval. Ru^healua 
is often present in the fora of a nltrosyl-rutheniua cotiplex which is difficult 
to remove ty coa^ulatioc. procedures. An appioach to the problem, described 

/ Qjl 

by Amphlett and Gaaaon ' involves pre-treatment v Ith an oxidising agent to 
destroy the nrthenlum complexes, tollo.cl uj « waVciuja phoephate-ferrouu 


phosphate floe in the presence of KeKSO^ to msintaia she ruthenium in a 
reduced form. As high as 993^ of ruthenium was removed when 100 ppu tJollTjO^ was 
used. 


g. Foaming 

A foam separation technique, tasoA on surface activity phenomena, waa 

recently developed by Radiation Appli:atton8, Inc., Long Island City, Kew Yorh^®'^. 

A reduction of the concentration of radioactive sti\)ntlum-90 and ceBium-137 
-5 -12 

from 10 to 10 molar in la^-level nuclear waste was claimed. The concen¬ 
tration of the foaming agent is one of the most critical factors in determining 
the separation factor (surface adsorption factor). A detailed discussion of 
the theory as well ao experimental observations of the foam separation technique 

Clod 

was presented by Sc'aoen and Masnclla 

Lacy*^^ investigated the flotitlon process in 1957 cuad reported 
removals of up to 783^ for Ba-lUO-La-llC, for C3-137» for Ru and 683t for 
Sr-90. These studies were conducted using cetylpyrldlnlum chloride ao the sur¬ 
face-active agent and fcamlng by aeration. 

3. Kaergeocy Methods for the Degsr.tnndnation of Radioactive Water 

According to the literature, •••cry few omergoncy decontamination units 
are nor-t available for nronlolpal use, although the U.S. Amy has developed 
several mobile units which could find vide application for public use. Several 
smaller decontamination units are corcjcrcially available, most of which employ 
ion exchar.ge teahnlqueo. 







Supplffm-^atary ireatiKrrt to conventional vater treataent pio--oes»J 0 


vDj.d prcba>rLv te the noat efficient bkc-is of S'iFplj.lna potable venter to a 
larje CJinter of people, folIov.'ln^ x^loactlyc vont&atr.atlon of the vater. 

a. M\^.iilpal Glee tecontaatr.fttton I'Llt.c 

* 6 . 10 ) 

Wof.l^ri and Pnbeck ^ report oz an Ion cx;h?’'jje prootst tout mf.y be 
uTfi to f..ppleinent the normal vater treotiKnt proet Jur**. An Ion exchange 
ccl ji:! L. the fcna of a cair'.rldge li incertei Into .le ryitem, ar.o i-j dl.:po.-ed 
o:' afeer ri-e^fikthroagh occurs. 'The type cf ler In vlll vary acc.-ieirji to the 
riitc after ict.onatlon that vhe water will be p.t into u.-e. A mtxel-bci •.■.enia 
'•■111 re neoe.’t-ary for imnedlate >r--e of tbo vater, vh-.-reae n ootlou rvcLu vlll 
jfl'e for long-term -uiage, due to the decay cC thoit-llved lodine-lil* 

7r.fc life of ea'ih Icc. cartridge will deperd \pi:i ‘iz total scildo present, 

Alnhoogh lairge, centrally lO'.ax-s.i, datont .uulnat Ion unite an: more 
o:jr.omleal, inmller dcccr.nrallr.ed 'r.its vyHi b? preferable oa the problem 
cf Viter diatrlb’jtioa t^ould be les.-eced. 

b. Kidd Deeontamtnattoa Vult s 

fill) Ciiol 

•ihe 1\S. Anv has developed eetvrnl ni-..bllc decont.runlnation 

jitits prlnw-illy lor uee by troops In th- field, but th;.'e co-rld alf.o be •.lor.-i to 
£:pply water for small popilatlon gi-oupt In case of riudcor attack. One ouch 
unit i3 eomprlued of a floccolator, filters, dual-bcj loo exchange coluinn 
and a ehlcrInato*, 'Sne entire ujc.lt Is lau’vnte.i or. tvo d-lf'i tor. tiucKE. A 
1,500 gpfc oo.tp'it l« obtainable. Pcger.eiatlon of tl'.e ion ex-.honge i-eelno is 
effected by hydrochloric acid and coda ash. 

c. .dlrf^llaritous recor.taiclr.atlcn 'Jr.lts 

I.aniOttc Ohenl'tcl Coopnny h.ts .lc.'':iOpvl a mixed loo 'xchange recln 






f 


-i.9* 


vater. -unit coculrt* of a ted of Acterllts resin (IR-L20 sad TPA-^IO) 
and In capr.'jl* of yrojucls? 10 gallons of vater of triple dlstlllsl qvnllty. 


A ’ir.lt dvvelopeJ ty Lp.ulerdale and Etcori 


CO-nslstS of trfld 


ool-rans of steel -,*001.^ burnt clr\/ and activated carbon in one ool'ura rj.<1 a 
lii.-i-l bed lor. cxchinge resin l-i th.; onher. Approximate!;.' 30 !lte.-o cl' ‘./nter 
can bo vinh as exceo.ilr.g 99.94. 


;!.!CSe 


^sA \A-y * ^ec^ri’t'e a cf rrtilo'iclive *iecon^ 


taairatlo;! vhcrcby the vater Is pas.oed t'npcug;': a colurri of Mt’urnl =,'.tv;'tala, 
ouch 83 Jlsy, leaa-es, huffi'iS, gravoi a".d i,and. Pesoral? of over vofr* 
reported, O.e problem Wild be to obtain ur.contaalnatt^l r.iterlals from 1-be 
oavlrocment for use In cich a col'oaa. 

**' Placusoloa autl Concloalona 

2V.e mora Importiiat rodlol.'otopeo that appear Inltiallo' it ccrtw»iMated 
vc.ter are Ba, Ca, 1, La, .% orul Sr. T.ot>oratoiy data Indicate that the 
combination of conventloruil water treatment methods, nan.’l// chemical cdaifu* 
latlon, llme-coda ash soft nlng, and souid filtration, Is cnpnbie cf lY’if/yvlng 
994 rtrontl’im. The rc-tajval of 9'34 Iodine con be acconplle.hed by the addition 
of silver ions. 864 ceiJjisa can be r-eitovcd by the llme-fcda nsh coftefiliifi proecd’oi'o 
when prfjpor mnoia-.to of cloy arc added. 

The sfflcleiioy of groeo activity rcmo'.al lice generally tc^'ce'.:! yJ f‘iui 
754 In pLmt scale oporatlo:.*^*^. The lower pla.nt ccele effIclenclcc, 111 
comparison to the Ifibor.-.toi;/ jvjoulto, ar; bvllcvcd to rcs-at from the fe'it 
tlvit; (a) only one or two decontur.loatJon procc-iscn, -jac.rg those aacrtlo'/'id, 
are employed by the uTiMOI vater trcntr.irit pLott, onl t.rx; operatl.-.^ Ccri U’. 
m.'iy rot be cptlml-.’.ed; oj'.d (b) In the laboratory, the ra,*.;oactlve rv.t':rI'■ I > arc 
gci’crnlly pr<.-r-c-r.t Ir. the form of simple salts. In contract, the rad lot.''live 
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itat-;rlal3 re&chlx.^ the v<it5r treatiBsnt plsort ars (j ja-jrally believed to be Ir 
rLeailoiil I'orais vhlch are more difficult to r^jEove becd'occ the portion vhlch l8 
j'.'adlly reaovei has alreal/ bee:: ellndn.'itel by natural decor.taci-iat Ion 
Eec>.tE.l6in5 before removing tha water plar.t. Setter and aluasell^ stated that 
th'j lo’Ujier nhe activity has been subjected to ruit-ural p'-rlflcatloa, the more 
■jifflcult It la to reaeve the renvilr.ing soluble activity by >:oag-.*latloa. 

~t rhc-ii? be pointed O'ut here that the de.or.tanln-atio:i ibitu reported 
ir the litei’at'.urc, both on laboratory and plant scalej ar« based on or.o of the 
follo.-lnij throe scoroee of radioactivity; 

fl) added radioactive salts 

(2) lev-level radloa^-tlvlty vaete 

(3) lorig-renge (vorl’.-vide) fallout from atoalc bomb tests 

Che chemical and physical charsfitexlcrtlea of itullAictlve materials fi\>m 
any of the above so'UT'^es Is dlffej-ent from that procent in local fallo’jb. 
latter !.•» chairacterltcd by Its lor water eolubllliy of to fjt In comparison 
to the 5^^ or higher solubility of radioactive nv-ttrlals of the abo'.e three 
categories. la>r v&tcr soltiblllty ger-orally will Incroor.e the removal of Local 
Isllout by ecnveaticr.nl water ireatnk-rr.t msthods which are cfilclent In dealing 
with partlcul.'vta or cclloli materlala. 

The c.£o;Laiuin decontaralaatloa factor for cteh of six selected elements 
above ere listed la Table There val'uca arc baced on the best avallabla data 
In the literature. It is emphaoiced that the percentage of rc.moval Is greatly 
dependent on tbs chealcnl form and phyalcij. state of the rodloa<:tlvc olcment as 
well as the oonccctratlon of the trcatnv.Mt nddltlvei; and other related conditions 
such as pb mi tfnperaturo of the wuter. As ua example of the dccontamluatlon 


factors rev-lrcd to reduce activity to t.he bnjt.l on h>’pothctlcal 
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Tnbl« X 


K-jclson Decontatilnatlon Kac'-ors 

Peported 

In the Literal 

-re :'or 

.Selected Z^o'.Tc»- 

Decontaal*- 

nutloa 

Method 

Decontaalnatlon Factors (D.F.) and Pit-f 
Ba-ltO Cs-137 T.I3I ra-ll»0 

^rezees 

Sr-89,90 

1. Cht-ralcal 

3-4 

1.5 

1.8 

3.4 

T 5 C 

S.O 

Coagulation 

(83) 

(80) 

(83) 

(8f) 

(84) 

(So' 

2. Lime.Soda 
Softening 

10^ 

(87) 

m 

ra 

10^ 

(8?) 

NR 

3-3 X 1-^ 
(So) 

3. Rapid Sand 

Flitration 

2 X 10^ 

(30) 

(30) 

NR 

3.8 

(80) 

NP. 

1.0^ 

(8o) 

4. Ion 

10^ 

ID** 

10^ 

10^ 

’Of 

3.3 X 1'^ 

Exchange 

(80) 

(80) 

(91) 

(80) 

(80) 

3• Phosphate 

3.2 

1.5 

NR 

5 X 10^ 

6-7 

4.5 X 1:^ 

Coagulation 

(3)0 

(97) 


(84) 

(84) 

(94) 

6. Clay 

IfR 5 

X 10^ 
(80) 


NR 

ITR 

2 X lO?- 

(9U 

7- Metallic 

Duats 

NR 

im 

1.6 

(80) 

NR 

NR 

Wl 

8. Coagulation w/ 
Silver Ions 

jrR 

HR 

2.2 

(96) 

ns 

NR 

NR 

9» Oxidation* 
Reduction 

im 

ItR 

NR 

IfR 

10^ 

(91) 

NT! 

lo. Coagulation 
with Cloy 

3.3 X 10^ 

(99) 

3.3 X 10^ 

(99) 

■ IfR 

NR 

3.3 

(?9) 

KR 

11. Lime Soda 
with Cloy 

IfR 

7.1 

(97) 

l.Tf 

NR 

N .2 

(97) 

NR 

1?. Poaming 

>*.5 

6.7 

im 


3.9 

3.1 

(Flotation) 

(109) 

(109) 

(109) 

(109) 

(109) 

13. Clow Sand 
Filtration 

NR 

HR 

(90) 

NR 

NB 

KR 


(1) Percent Rcraovml • 100 - )l00 

(2) RM - not reported lu literature revlevel 


. i ^ 









' ^ %M = ^ f W» » 







of the Springfield, itaao. vBtersh<rd (as reported eloewhera la 
rrpitrt). Table )fl vua prepared. It la apparent from thin toole that loa 
i«rA/:ge M. -.he only alnr^ le decontaolaation procesa that vlH adequately remove 
uy, *lnl*_a concentration reported for the six celeeted l6otopea*»nd that no 
jry'eaa .“'.11 adequately remove the tealcram radlocontamlnant, namely I-131. 
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